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On surface chemistry and physics of nanoscale molecular self-assemblies manufactured in a 
“bottom-up” approach is the base on which this thesis is established. The formation of the mentioned 
self-assemblies is dependent on the interactions between their organic molecular building blocks 
and building blocks-substrate interaction. These organic molecules are synthesized for specific 
purposes by modifying molecular topology, structure and functional groups. The substrates 
employed are predominantly single crystals composed of coinage metals or single crystals with 
deposited adlayers. Chemical modification of these compounds via different bonding motifs (i.e. 
Hydrogen bonding, coordination, Van der Waals interaction, etc) in their self-assemblies is studied 
after their in-situ deposition using Scanning Tunneling Microscopy (STM), X-ray photoelectron 
spectroscopy (XPS) and Density Functional Theory (DFT). 
In chapter [[1]] direct comparison between in-solution and on-surface behavior of the same 
compounds is presented. Synthesis and surface assembly of the higher pyrazinacenes and their 
oxidized analogues using PbO2 in solution and annealing on Cu(111) substrate is studied. Upon 
thermal deposition of these compounds on single Cu(111) crystal, the molecules arrange in a chiral 
conformation. Subsequent annealing at 150 °C causes the dehydrogenation of the molecules and 
consequently the formation of linear arrays. Further annealing to 300 °C breaks the linear chains 
and the molecules appear to adopt a “double-lobe” or “two dark satellite” morphology which we 
attribute to further oxidation (cyclodehydrogenation). 
In chapter [[2]] the unprecedented ‘out-of-plane’ oriented, hydrogen-bonded assemblies of a 
planar module, the perylene derivative DPDI on a specifically-chosen weakly interacting substrate 
is studied. A single atomic layer of semi-metallic Bi in p(10x10) phase is selected as the substrate 
as it is known to be electronically decoupled from the underlying metallic Cu(100) single crystal 
thus can be used to study mainly intermolecular interactions. Extended, hexagonal networks 
containing “windmill-shaped” nodes with unique bi-chirality features, together with a compact 
assembly of zigzag structures are the two spontaneously formed supramolecular structures which 
are of great chemical importance since direct deposition of DPDI on Cu(100) does not lead to any 
sort of assembly.  
In chapter [[3]] the self-assembly of functionalized tetraphenylporphyrins in different 
architectures is presented. Trifluoromethyl and methoxy- functionalized tetraphenylporphyrins 
were synthesized and used to reveal polymorphism, driven by F…F interactions and C-F…H-C 
hydrogen bonds. The on-surface behavior of the symmetric and asymmetric functionalized 
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A core topic of Nanoscience is provided by the often complex, site specific and often new 
behavior of molecules interacting with each other and with interfaces1–4. Here, the behavior of 
molecules is clearly different from the – physical – adsorption process and also from the – chemical 
– reaction within a fluid matrix. Even in molecular life science, a long established field, we become 
increasingly aware that the function of a biomolecular machine is site specific and depends the 
specific molecular architecture, not only on the presence of one or the other molecule in a fluid to 
be functional5. So it is not only the structure, but also the structure of the environment that 
determines the function of a biomolecule6.  
Far beyond the analysis of functional bio molecular entities scientists desire to design and 
create new functional molecular structures which is the topic of self-assembly and supramolecular 
chemistry7–10. Also here the first in-fluid achievements lead to more recent implementations of site 
specific architectures i.e. molecular motors and ultimately to a 2nd Nobel price.   
The focus of this thesis is provided by on-surface supramolecular chemistry. I have studied 
the supramolecular chemistry and the function (here reactivity) of molecules which are bound to the 
surfaces (i.e. in ‘flatland’) in vacuum and in absence of solution. 
Biomolecular structure, e.g. protein folding is determined by conformational adaptation and a 
balance of weak and strong interactions11,12. Mostly non-covalent i.e. physical (VdW, H-bond and 
polar) forces are involved in biomolecular folding while also covalent bonds are formed at decisive 
locations to secure the shape of life’s molecular architectures13,14. 
At solid surfaces molecules experience already very strong forces by the surface potential and 
the chemical and physical interaction with the surface atoms. This implies that any shape directing 
interaction has to be of at least comparable strength. Also the thermal stability of bio-molecules is 
generally too low for any practical chemical or physical application.  
This leaves us – who are working with on-surface supramolecular chemistry – with the 
challenges (1) to predictably create strongly bound functional structures while still using stronger 
bonds from the same set of interaction forces; and (2) to investigate their physical properties and 
chemical function or reactivity as it often derives from the same molecule in fluid.   
The big advantage of this approach is that ‘molecular self-assembly’ allows for the 
spontaneous, creation of identical nanostructures if the proper molecular building blocks and the 
right process conditions are used. At the down-side it has to be mentioned that it is an enormously 
difficult task to understand self-assembly at the limit of even small molecules with 100 some atoms 
– way smaller than biomolecules – and create functional entities. Nature in the action of biochemical 
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evolution has been able to sample a parameter space which is not going to be covered by a few 
scientists in a few years of their action who are operating with different target properties and aiming 
at different i.e. non-biological functions.  
In my work I have investigated the already very complex behavior of small molecules in 
different surface environments.  Interestingly, their reactivity is sometimes comparable to what is 
known from the bulk and sometimes not; their assembly in supramolecular architectures on substrate 
surfaces is controlled by the complex interplay of interactions at the solvent free molecule/surface 
interface and between ad-molecules. The formation of on-surface supramolecular structures and 
their modification with progressing reactions has been investigated by Low Temperature Scanning 
Tunneling Microscopy (LT-STM), X-ray photoelectron spectroscopy (XPS) and Density Functional 
Theory (DFT).  
In chapter [[1]] of this thesis I present the direct comparison of two molecules from the same 
family of compounds at the solid-vacuum interface and in-solution. Specifically I have worked with 
N8 and N10 from the pyrazinaacenes, a N bearing modification of the important organic 
semiconductor pentacene15,16 .In close collaboration with the synthetic chemistry group we have 
investigated the step by step oxidation of the compounds on surfaces and the consecutive 
modification of the self-assembly. Our exhaustive experimental results provide evidence for a novel 
photo-redox activity of this organic semiconductor. 17 Since STM gives us a direct real-space access 
to the resulted 2D self-assemblies18, it simplifies understanding the chemical and physical 
phenomena upon formation of the nano-structures and helps us to learn much more about the 
compounds, also in comparison to solution studies. 
The interaction of the organic molecules with the underlying substrates plays a crucial role in 
molecular self-assembly as well as for the chemical and electronic properties of the resulting 
interfaces19. Studies in on-surface chemistry and supramolecular chemistry have been mostly 
performed on coinage metal substrates. More recently alternative substrates like graphene20,21, 
boron-nitride layers22,23, alkali-halide layers24 and Sn Alloys25 have been chosen. In chapter [[2]] of 
this thesis a novel substrate (Bi/Cu(100))26 has been used to study the formation of interesting non-
planar H-bonded assemblies of DPDI, an amino-functionalized perylene derivative. This particular 
molecule has been intensively investigated by earlier members of my hosting group19,27 and has not 
been observed to form supramolecular assembled structures in its native, non-dehydrogenated form. 
In my work on the Bi/Cu(100) substrate I have observed H-bonding which is only enabled by re-
orientation (tilting) of the planar adsorbate molecules
Chemical functionalization, e.g. with directional or non-directional bonding groups, is another 
method which is widely used to control the arrangement of molecules in self-assembled structures. 
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Chemical functionalization is of crucial importance in nanoscience and technology because it 
enables scientists to control the self-assembly processes and to manufacture molecular arrays with 
well defined,  in some cases pre-defined nanostructures28–30. In addition, the clever choice of the 
functionalization by chemists helps to achieve highly ordered supramolecular structures with 
considerable control level31. Chapter [[3]] of this thesis is dedicated to self-assemblies of newly 
synthesized porphyrins functionalized with methoxy and trifluoromethyl groups. In my studies on 
different substrates I found a complex polymorphism driven Fluorine H-bonding. The choice of the 
Porphyrin building block has been motivated by the large body of knowledge about their 
functionalization and synthesis and also for the importance of these compounds for application like 
photodynamic therapy32, toxicology33, molecular electronics, semiconductor/sensor technology34  









This section gives a short description of the main methods used to study on surface self-
assemblies and nanostructures in this thesis. To characterize the resulted nanoscale structures a 
combination of different methods were used. Scanning tunneling microscopy was used to perform 
real-space structural characterization and X-ray photoelectron spectroscopy (XPS) was used for 
quantitative and qualitative element specific analysis.  
Scanning tunneling microscopy (STM) 
STM is an electron microscope with atomic level resolution. It is based on a quantum 
mechanical effect called ‘tunneling’ which occurs once a bias voltage is applied between the tip and 
the sample and the distance between the tip and sample is only few angstroms. Upon tunneling, the 
electrons have a non-zero probability to pass through the tiny vacuum gap between tip and sample. 
The resulted current depends on the distance between tip and sample and the local density of states 
(LDOS). The tip is attached to a piezoelectric scanner whose in-plane movements helps imaging the 
sample with sub-angstrom precision. Scanning can be performed in two modes: the constant current 
or the constant height mode. In the constant current mode, a feedback loop is used to adjust the tip 
vertically in such a way that the current stays constant and the height is recorded. In constant height 
mode, the vertical position of the tip is not changed, using a slow or disabled feedback. The current 
as a function of lateral position represents the surface image. Occupied and unoccupied states of the 
sample can be measured by applying negative and positive sample voltages respectively. 
X-Ray Photoelectron Spectroscopy (XPS) 
X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 
Analysis (ESCA) is a widely used technique to investigate the chemical composition of surfaces. It 
is based on the photoelectric effect for the discovery of which Einstein won the Noble prize in 1921 
and was developed in the mid-1960 by Kai Siegbahn and his research group at the University of 
Uppsala and ended to their Nobel prize in 1981. It is an element-specific and surface sensitive 
technique. Using XPS, the binding energies (BE) of the electronic core-levels of the atoms are 
probed by analyzing their kinetic energy after excitation with monochromatic X-ray light. The 
following equation is used to measure the electron binding energy of each of the emitted electrons: 
Ebinding=Ephoton-(Ekinetic+ɸ) 
In the above equation, the energy of the X-ray with particular wavelength is known (MgK 
photon with an energy of 1253.6 eV or AlK photon with an energy of 1486.6eV), the kinetic 
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energies of the emitted electrons are measured and ɸ is the work function which depends on the 
spectrometer and the material. Changes in the local environment of the electrons causes small 
changes in the obtained binding energy, called chemical shift considering which both elements and 
states identification is possible. Stoichiometry analysis is also possible considering the number of 
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Oxidation-induced assembly and disassembly of a reduced 
decaazapentacene 
David Miklík†,[a],[b] S. Fatemeh Mousavi†,[c] Zuzana Hloušková,[b] Anna Middleton,[d] Yoshitaka 
Matsushita,[e] Jan Labuta,[a] Aisha Ahsan,[c] Luiza Buimaga-Iarinca,[f] Paul A. Karr,[g] Pavel Švec,[a] Filip 
Bureš,[b] Gary J. Richards,[a],[h] Toshiyuki Mori,[i] Katsuhiko Ariga,[a],[j] Yutaka Wakayama,[a] Cristian 
Morari,[f] Francis D’Souza,*,[d] Thomas A. Jung*,[k] and Jonathan P. Hill*,[a] 
Abstract: We report the synthesis and surface assembly of higher 
pyrazinacenes which are structurally related to the key organic 
semiconductor compound pentacene, i.e. 6,13-dihydro-2,3,9,10-
tetraphenyl-1,4,5,6,7,8,11,12,13,14-decaazapentacene (1) and 5,12-
dihydro-2,3,8,9-tetraphenyl-1,4,5,6,7,10,11,12-octaazatetracene (2) and 
their oxidations to the corresponding decaazapentacene (1-ox) and 
octaazatetracene (2-ox) chromophores. Our physico-chemical 
investigation, in particular of the behaviour in solution and at interfaces 
revealed different oxidation states of the compounds available in those 
media and lead to the finding that 1 and 2 are also efficient photoredox 
catalysts for C-C bond forming reactions. 1 and 2 form well-defined 
structures on a solid Cu(111) substrate: they adopt chiral conformations 
in their native state and form self-assembled linear arrays of molecules 
at ambient temperature or by annealing at 150 °C due to dehydrogenation 
of the dihydroacene cores to the corresponding decaazapentacene (1-ox) 
and octaazatetracene (2-ox). Further annealing of the ad-surface 
structures at high temperature (300 °C) leads to cyclo-
dehydrogenation of the reduced oligoazaacene cores as confirmed by 
scanning tunneling microscopy data, density functional theory 
modelling and X-ray photoelectron spectroscopy. 
Acenes,[1–4] in particular pentacene,[5,6] are a class of compounds 
that have become increasingly important for a variety of 
applications as synthetic methods for their preparation have 
advanced.[7,8] Pentacene (Scheme 1) itself is the archetypal p-type 
organic semiconductor[9] and it has been extensively studied from 
this viewpoint despite an inconvenient susceptibility to be 
oxidized to its pentacene-6,13-quinone form,[10,11] an unfortunate 
consequence of its electron richness.  
Scheme 1. Top: synthesis of target compounds 1 and 2 and their oxidized 
derivatives. R = C6H5 (1, 2), tBuC6H4 (1-tBu); X = nitrile or chloride. Reaction 
conditions:  (i) DMSO, Na2CO3, 90 °C, 4 h, 47% (ii) CCl4:MeCN:H2O (2:2:1), 
RuO2, NaIO4, r.t., 1 h, 50-60%. (iii) DMSO, Na2CO3, 120 °C, 4 h, 10 %. (iv) 
DMSO, K2CO3, 120 °C, 4 h, 35 %. (v) PbO2, CH2Cl2, >95 %. Bottom left: X-
ray crystal structure of 2. Bottom right: DFT calculated structure of 1. 
This disadvantage can be ameliorated for by several means: 
introduction of pentacene 6,13-substituents is one method used 
to preclude oxidation.[12] Alternatively, heteroatoms may be 
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introduced so that the acene is either stabilized electronically or 
oxidation is blocked by the presence of heteroatoms at affected 
sites.[13] Both these methods can have other beneficial effects such 
as increased solubility of the compounds or promotion of other 
properties such as sensing behaviour[14] and tautomerism.[15] 
Addition of heteroatoms to the acene core can also be used to 
facilitate the synthesis of higher acenes[16–18] (e.g. nonacene[19]) as 
can the appending of multiple substituents where stability is 
conferred by steric rather than electronic factors.[20] Higher acenes 
are important because of the possible existence of ‘exotic’ electronic 
states such as stable open shell biradicals[21] and other 
radicaloids.[22,23] 
In this work we prepare acenes composed exclusively of fused 
1,4-pyrazine units leading to compounds we term ‘pyrazinacenes’ 
(Scheme 1). A significant aim of this work has been to obtain 
unknown analogues of acenes with N atoms replacing bridgehead-
CH groups. We[24] and others[25–33] have had some success preparing 
these materials (including those with non-identical 
heteroatoms[34,35]). We have now synthesized the octaazatetracene 
and decaazapentacene cores (see Section 2.0, Supporting 
Information). The crystal structure of 2 is shown in Scheme 1 
(bottom left). The molecular form of 2 in the crystal is remarkably 
similar to its structure obtained by DFT calculation including the 
conformation of the phenyl substituents. Crystals of 1 were not 
suitable for single crystal X-ray analysis. However, given the good 
agreement between crystal and DFT structures for 2, we suggest that 
the calculated structure (Scheme 1, bottom right) should be closely 
similar to the actual structure including the form of the phenyl 
groups.  
1 and 2 are susceptible to oxidation to the nitrogenous 
analogues 1-ox and 2-ox of pentacene and tetracene (i.e. 
decaazapentacene and octaazatetracene), respectively, where all the 
apical CH groups are replaced by pyridine-type N atoms. Electronic 
absorption and fluorescence spectra of 1, 2 are shown in Figure 1a,b 
together with images of their solutions in dichloromethane (see also 
Figure S1,S2). 1 shows an acene-type 4-banded spectrum with an 
absorption maximum at 500 nm and shorter wavelength peaks 
gradually diminishing in intensity. 2 has a similar several banded 
spectrum except that the band at 450 nm (the 2nd acene band) is the 
absorption maximum; a feature we attribute to tautomerization in 
this molecule and which has been observed for fluoflavine (dihydro-
2,3,8,9-tetraazatetracene).[36] 1-ox and 2-ox were obtained by 
treating solutions of 1 or 2 with PbO2[37,38] both undergoing a shift in 
absorption maximum to longer wavelength (590 nm for 1-ox and 540 
nm for 2-ox; see Figure S3). Oxidation can also be achieved 
electrochemically (see Figure 1b(i,ii)) with 2 being more easy to 
oxidize than 1 by around 300 mV. This can be attributed to the 
greater electron deficiency of 1 over 2. 2-ox was found to have a low 
reduction potential of -0.293 mV (see Figure S4) DFT was used to 
calculate structures of the highest occupied molecular orbitals 
(HOMO) and lowest unoccupied molecular orbitals (LUMO) of the 
compounds (Figures S5-S8). HOMO and LUMO structures of 1 and 
2 are shown in Figure 1c. The HOMO structures of 1 and 2 are 
similar to those found for other pyrazinacenes[24,39] and to reduced 
N-heteroacenes such as fluorubine[40] and dihydrodiazapentacene.[41] 
Oxidation differentiates the compounds: while 2-ox attains an acene-
like form for its molecular orbitals, 1-ox gains a delocalized state due 
to the presence of nitrogen lone pairs on adjacent pyrazine units (see 
Figure S8). Based on this and previous work (also based on DFT 
calculations), structures containing five fused pyrazine rings and 
above appear to prefer delocalization of the pyrazine nitrogen atom 
lone pairs. This was first observed by Winkler and Houk[42] in their 
calculations of the electronic structure of decaazapentacene. In the 
case of 1-ox, this feature seems to reduce the amount of electron 
density found on the phenyl substituents. Having established that 1 
and 2 can exist in different states of oxidation in solution, we were 
stimulated to observe how this property might affect their assembly 
and reactivity in contact with metal surfaces. 
1 and 2, due to their very similar structures, appear also similar 
when studied by scanning tunneling microscopy on a Cu(111) 
surface, which we have used as a model substrate to investigate the 
supramolecular self-assembly and reactivity at the interface. Details 
of 2 are shown (see Figure S11 for details of 1). For compound 2 
(Figure 2), molecules exhibit a double-lobed morphology (Figure 
2a,d). The almost exclusive presence of individual adsorbates 
indicates repulsive electrostatic interactions occurring after 
Figure 1. (a) Electronic absorption (UV/Vis) and fluorescence spectra of 1 (red) and 2 (black) in dry CH2Cl2. Insets show the appearance of solutions under room light or 365 nm 
ultraviolet light. For more information see Supporting Information. (b) Spectroelectrochemistry during oxidation of (i) 2 and (ii) 1 both in benzonitrile. Insets show the differential 
pulsed voltammograms for these processes. (c) Structures of HOMOs and LUMOs of (from left) 2, and 1. Energies are in eV. 
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polarization/charge transfer between the adsorbate and the substrate. 
The molecules are adsorbed in registry with the substrate with 6 
different orientations (see Figure S12(a)), which makes sense for a 
chiral conformer (× 2) on a threefold (× 3) symmetric substrate 
surface.  Note that the chiral conformers occur from the relative 
twisting of phenyl groups of the molecule with each denoted as ‘S’ 
and its reflection in Figure S12(b). Surprisingly, 1 or 2 gradually 
assemble on the substrate (under ambient temperature, see Figure 
S13, or at 150 °C) into linear arrays (Figure 2b,e), which are formed 
by molecules arranged with their long axes aligned parallel with an 
offset. These linear arrays are stabilized by C-H…N hydrogen bonds 
involving phenyl rings and terminal pyrazine rings as depicted in 
Figure S14 (such interactions are known from crystal structures of 
similar molecules[24] – see also Figure S15). Molecular long axes are 
canted at an angle of 75° to the long axis of the line structures. XPS 
data (Figure S16) reveal that a single type of pyridine-type N atom 
(N1s 398.3 eV[43]) is present in molecules contained in the line 
structure indicating that dehydrogenation of the pyrazinacene core 
of 2 has occurred yielding 2-ox, which is also available by chemical 
oxidation. Annealing at 150°C appears to increase somewhat the rate 
of line formation but also leads to the appearance of unusual double-
lobed structure different from the starting morphology. To 
investigate this we annealed at higher temperature (300 °C, see 
Figure 2c), which lead to the disappearance of the line structures and 
molecules appeared to have exclusively the new double-lobed 
profile. We assign the double-lobe/two dark satellites transition to 
molecules that have been further oxidized (cyclodehydrogenated) 
with concurrent release of hydrogen into the vacuum. Cu(111) is 
known to be capable of acting as an oxidizing agent and 2 can be 
easily oxidized to 2-ox even by mild oxidizing agents (vide infra). 
Cu(111) is also known to act as a cyclodehydrogenating agent at 
elevated temperatures.[44] The considerably flattened STM profiles 
of 1 and 2 (Figures S17,S18) obtained after annealing at higher 
temperatures contrasts strongly with that of the as-deposited 
molecules. During this annealing-induced conformational transition, 
the phenyl substituents take a symmetric, planar position and, 
correspondingly, the conformational enantiomers are no longer 
visible (Figures S17,S18). Therefore, cyclodehydrogenation of the 
peripheral 1,2-diphenylbenzene units of 2 must have occurred on the 
Cu(111) surface at 300 °C yielding the tetrabenzo[a,c,n,p]-
5,7,9,11,18,20,22,24-octaazahexacene derivative whose dimensions 
and profile fit well with those observed. Molecules of 2, therefore, 
undergo two oxidative transformations on Cu(111) first leading to 2-
ox (whose non-coplanar phenyl substituents remain visible), which 
assembles to the line structure, followed by cyclodehydrogenation to 
highly planar heteroacene species, which do not assemble, resulting 
in disassembly of the 2-ox line structure. 
1 (see Figure S11) behaves similarly to 2, in that linear arrays 
are formed either by annealing under ambient conditions or at 
slightly elevated temperatures. Differences in STM contrast between 
1 and 2 line structures can be attributed to their different backbone 
length and to the different conformers each of them can form. The 
conformers i) differ within the same chain and also ii) contribute to 
the different alignment of the molecules within the chains of 1 and 
2. Details are shown in Figure 3 and Figure S19). This confirms that 
phenyl rings can rotate in the molecules in response to the line 
structure. The STM images (for 2) were simulated using DFT 
methods (see Figures S20-S25) revealing excellent agreement 
Figure 2. Scanning tunneling micrographs of 2 on Cu(111) substrate. (a) Double-lobed shaped individual adsorbates of 2 distributed randomly after deposition onto substrate 
maintained at room temperature. (b) Linear arrays form slowly under ambient temperature (more rapidly at 150°C) on Cu(111). (c) Individual adsorbates formed upon annealing 
at temperatures up to 300°C. The dark zone at the position of the molecular backbone and the reduced apparent height of the molecules (See Figures S17, S18) indicate their 
strengthened interaction with the substrate after annealing. (d-f) Magnified images of species contained in (a-c), respectively. (d) Double-lobe shaped monomers are chiral. Note 
the asymmetry of each lobe forming the double-lobed structure, marked by red and blue arrows, which appears in ‘S’ and mirror ‘S’ shape for the two chiral conformers.  (e) Line 
structures showing packing structures of the lines (spots are phenyl rings, lines are the acene backbone). (f) Profile modification of individual molecules upon annealing at higher 
temperature is consistent with dehydrogenation/cyclodehydrogenation (see main text).  STM data information: (a) 50nm x 50nm, 10pA, 1V. (b) 50nm x 50nm, 30pA, 500mV. (c) 
50nm x 50nm, 10pA, 1V. (d) 4nm x 4nm, 50pA, 1V. (e) 13nm x 13nm, 30pA, 500mV. (f) 4nm x 4nm, 30pA, 500mV. 
10nm10nm 10nm
8.0Å 2.6nm
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between the calculated structures and those observed 
experimentally. In particular, we found no evidence (from STM or 
DFT simulated structures) for the presence of Cu adatoms being 
coordinated within the line structures with the most important 
intermolecular interactions apparently being C-H…N hydrogen 
bonds. The calculated structures also indicate that there exist some 
interaction between pyrazinacene N-atoms and the copper surface 
atoms in the oxidized forms of 1 and 2 which form the line structures 
(see Figures S20(b) and S21). 
 
Figure 3. Line structures obtained after on-surface oxidation of (a) 1 and (b) 2 
formed by the linear packing of specific conformers. A1, B1 and C1 denote three 
different conformations of 1 arranged within a linear array. 2 similarly shows 3 
conformations A2, B2 and C2 with the corresponding height profile analysis shown 
in Supporting Information (Figure S9). The respective packing models for 1 and 2 
have been overlaid onto the micrographs. Notably the different lengths of the 
molecular axis of 1 and 2 cause different conformers and different angles of the 
molecular axis (blue lines)  with the axis of the chain. STM data information: a) 
300mV, 50pA, 4nm x 6nm.  b) 500mV, 40pA, 4nm x 6nm. 
Both the on-surface reactivity observed in our STM study and 
the reactivity in solution (i.e. via the step-wise dehydrogenation of 
the pyrazinacene core on the surface and electrochemically) for 1 
and 2 suggest a complex redox activity pattern, while their optical 
and redox properties in solution also resemble those recently 
reported for a push-pull dicyanopyrazine.[45-50] For these reasons, we 
have made a preliminary examination of their photoredox catalytic 
activities in the benchmark cross-dehydrogenative coupling (CDC) 
reaction[49] between N-phenyltetrahydroisoquinoline (THIQ) and 
nitromethane as shown in Scheme S1. The reactions were run for 24 
hours with 1 mol% of the catalyst by irradiating the reaction mixture 
with Royal Blue LED under air at 25 °C. Both pyrazinacenes were 
capable of causing C-C bond formation between THIQ and 
nitromethane. However, the catalytic performances of 1 and 2 differ 
slightly (see Table S1). According to the observed conversions and 
isolated yields, decaazapentacene 1 proved to be a less efficient 
catalyst than octaazatetracene 2. This is likely due to the greater 
compatibility of the absorption maximum of 2 (~ 450 nm) with the 
high energy emission band of the Royal Blue LED (~ 450 nm) (1 
possesses the absorption maxima red-shifted by about 50 nm). 
Hence, 2 afforded better conversion (72 %) and isolated yield (70 %) 
of the CDC product than 1 (67 and 63 %). 
We have reported the first synthesis of the pyrazinacenes, 
dihydrooctaazatetracene (2) and dihydrodecaazapentacene (1) core 
chromophore structures lacking N-substituents. These compounds 
may be oxidized respectively to octaazatetracene (2-ox) and 
decaazapentacene (1-ox) most notably observed in situ in a scanning 
tunneling microscope where the oxidation states of the molecules 
affect their surface behaviours. 1-ox and 2-ox can then be further 
oxidized by cyclodehydrogenation of their phenyl substituents to 
their planar analogues, tetrabenzo- octaazahexacene and 
tetrabenzodecaazaheptacene, respectively. The solution state 
electrochemical properties, comprise relatively low first oxidation 
potentials and a low reduction potential (as observed for 2). For the 
also easy dehydrogenation of 1 and 2 respectively to 1-ox and 2-ox 
at interfaces, we considered that the compounds could be useful as 
electron/proton transfer conduits for catalysis. These chromophore 
properties of 1 and 2 can be photochemically exploited in the form 
of photo-stimulated redox activities catalytically forming C-C 
bonds. Although the detailed mechanism of this photocatalysis is 
under investigation, it is notable that 1 and 2 are both sufficiently 
stable to be used under (irradiative) reaction conditions where 
similar acene compounds would not. Tetracene or pentacene may be 
considered most important for their semiconductor behaviour or use 
e.g. in organic light-emitting diodes. Decaazapentacene in its various 
states of oxidation and/or protonation, on the other hand, appears to 
be interesting because of its photochemical behaviour as a proton-
coupled chromophore that can be oxidized, deprotonated and 
protonated as reported here. This is in addition to the possibility of it 
having complementary semiconductor properties to pentacene. 
These and other aspects make the pyrazinacenes a significant 
member of the acene family of materials. 
Experimental Section 
For synthesis and other experimental details see Supporting Information. 
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Putting more ‘N’s in pentacene. 
Octaazatetracene and 
decaazapentacene chromophores have 
been successfully synthesized and 
their self-assembly and other 
properties studied. By scanning 
tunnelling microscopy, self-assembly 
and disassembly of molecular 
nanowire structures is coupled with 
the oxidation state of the 
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General. Reagents and dehydrated solvents (in septum-sealed bottles) used for syntheses and spectroscopic 
measurements were obtained from Tokyo Kasei Chemical Co., Wako Chemical Co. or Aldrich Chemical Co. and 
were used without further purification. Electronic absorption spectra were measured using JASCO V-570 
UV/Vis/NIR spectrophotometer, Princeton Applied Research (PAR) diode array rapid scanning spectrometer or a 
Shimadzu UV/Visible spectrophotometer. Fluorescence spectra were measured using a JASCO FP-670 
spectrofluorimeter. FTIR spectra were obtained from samples deposited on a barium fluoride disc using a Thermo-
Nicolet 760X FTIR spectrophotometer. 1H and 13C NMR spectra were obtained using JEOL AL300BX (1H: 300 
MHz; 13C: 75 MHz) or Bruker Avance 600 MHz (1H: 600 MHz; 13C: 150 MHz) spectrometers using 
tetramethylsilane as an internal standard.  MALDI-TOF mass spectra were measured using a Shimadzu Axima 
AFR+ mass spectrometer with dithranol as matrix. High resolution MALDI-TOF mass spectra were measured 
using an LTQ Orbitrap XL system using 2,5-dihydroxybenzoic acid as matrix. Computational geometry 
optimizations were performed at the B3LYP/6-311+G(d,p) level using NWChem.[S1] GaussView program of 
GAUSSIAN[S2] was used to generate frontier HOMO and LUMO orbitals.  5,6-Diphenyl-2,3-diaminopyrazine (6) 
was prepared according to a reported procedure.[S3] 
Electrochemistry. Cyclic voltammograms were recorded on an EG&G Model 263A potentiostat using a three 
electrode system.  A platinum button electrode was used as the working electrode.  A platinum wire served as the 
counter electrode and an Ag/AgCl electrode was used as the reference.  Ferrocene/ferrocenium redox couple was 
used as an internal standard.  All the solutions were purged prior to electrochemical and spectral measurements 
using argon gas.  Spectroelectrochemical study was performed by using a cell assembly (SEC-C) supplied by ALS 
Co., Ltd. (Tokyo, Japan). This assembly comprised of a Pt counter electrode, a 6 mm Pt Gauze working electrode, 
and an Ag/AgCl reference electrode in a 1.0 mm path length quartz cell. The optical transmission was limited to 
6 mm covering the Pt gauze working electrode.  
X-ray Crystallography. Crystals of 2 were grown by diffusion of hexane into a solution of 2 in tetrahydrofuran. 
Data collections were performed using MoK radiation (λ = 0.71073 Å) on a RIGAKU VariMax Saturn 
diffractometer equipped with a CCD detector. Prior to the diffraction experiment the crystals were flash-cooled to 
213 K in a stream of cold N2 gas. Cell refinements and data reductions were carried out by using the d*trek 
program package in the CrystalClear software suite.[S4] The structures were solved using a dual-space algorithm 
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method (SHELXT)[S5] and refined by full-matrix least squares on F2 using SHELXL-2014[S6] in the WinGX 
program package.[S7] Non-hydrogen atoms were anisotropically refined and hydrogen atoms were placed on 
calculated positions with temperature factors fixed at 1.2 times Ueq of the parent atoms and 1.5 times Ueq for 
methyl groups. Crystal data for 2: orange bar, C42H34N8O2, Mr = 682.77, monoclinic P21/n, a = 15.6972(4) Å, b = 
5.71170(10) Å, c = 19.7826(6) Å, β = 106.4810(10)°, V = 1700.79(7) Å3, T = 213 K, Z = 2, Rint = 0.0428, GoF = 
1.063, R1 = 0.0793, wR(all data) = 0.2500. Crystallographic data (excluding structure factors) have been deposited 
with the Cambridge Crystallographic Data Centre with CCDC reference number 1576267 (2). Copies of the data 
can be obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK 
http://www.ccdc.cam.ac.uk/perl/catreq/catreq.cgi, e-mail: data_request@ ccdc.cam.ac.uk, or fax: +44 1223 
336033. 
Scanning Tunneling Microscopy. All sample preparations were performed under ultrahigh vacuum (UHV) 
conditions with a base pressure of ∼10-10 mbar. The crystals were cleaned using cycles of sputtering with Ar+ ions 
with subsequent annealing at 450 °C. Thermal evaporation at 300 °C was used to deposit the molecules on the 
substrate using a commercial evaporator (Kentax GmbH, Germany). The sublimed amounts of the compounds 
were controlled by using a quartz crystal microbalance. STM imaging was performed in constant current mode 
(typical tunneling current 10 – 50 pA) with the selected sample bias in the range of 300 mV to 1 V at 5K. Pt-Ir 
wires (90 % Pt, 10 % Ir) were used to make scanning probe tips and these were cleaned by sputtering with Ar+ 
ions prior to use. 
In Situ X-ray Photoelectron Spectroscopy. XPS was used at room temperature to track the N1s chemical 
environment changes of the compounds before and after annealing steps. The spectra were recorded in normal 
emission with an instrumental setup that gives a full width at half-maximum (FWHM) of 1.0 eV using a 
monochromatized Al Kα X-ray source. 
DFT Simulation of on-surface structures for compound 2. Simulations were performed using the Siesta 
code.[S89-S10] This uses norm-conserving pseudopotentials[S11] and expands the wave functions of valence electrons 
in LCAO form. The relaxation procedure involves the Conjugated Gradient method. As exchange-correlation 
functional, we have used the van der Waals functional as implemented by Berland and Hyldgaard (BH).[S12] The 
systems were constructed based on the experimental bulk parameter for copper (i.e. 3.62; we have tested the bulk 
parameter in the BH functional framework. The computed value was 3.64, indicating an error below 0.6%. This 
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allows us to construct models based on the experimental value). The systems were confined to unit cells that allow 
the study of periodically repeating Cu(111) surface features, and included 3 atomic layers. The super-cell sizes 
vary from 7 x 10 Cu atoms for monomers to 12 x 12 Cu atoms for dimers. The length of the cells along the OZ 
axis was 30 Å for all systems, thus allowing a vacuum level of 20 Å, which we consider large enough to avoid the 
artificial influence of the electric charge from one cell to another. The Monkhorst-Pack grid for the integrals in 
the Brillouin zone was 2 x 2 x 1. We used double-zeta polarized (DZP) basis sets with an energy shift of 100 meV 
for all atoms. This setup allows production of orbitals with larger cutoff-radii for accurate simulation of long-range 
interactions. Since the difference between the calculated bulk parameter and the experimental value is reasonably 
small, the systems were relaxed by keeping the deeper layer of the copper substrate pinned at their starting 
positions, with only the upper layer and the molecule being permitted to relax. In Model 2-dimer, we also allowed 
the relaxation of the Cu ad-atom. The systems were allowed to reach the local minima until the maximum gradient 
in the relaxed structure was below 0.1 eV/A for monomers and below 0.2 eV/A for dimers. Simulations of the 
STM images were perfomred by using the Tersoff-Hamman approximation. This method considers that an STM 
image is determined by the local density of states (LDOS).[S13] We computed LDOS in the energy window 
spanning from the Fermi level of the system up to 1 eV below the Fermi level, corresponding to an external bias 
of 1V. Next, we scanned the surface by searching for a given constant value of the LDOS (i.e. a "constant current" 





2,3-Dichloro-6,7-diphenyl-1,4,5,8-tetraazanaphthalene (X = Cl, 3). Benzil (210 mg, 1 mmol) and 2,3-
diamino-5,6-dichloropyrazine (190 mg, 1.05 mmol) were dissolved in a mixture of dry 1,4-dioxane (10 mL) 
and glacial acetic acid (2 mL). The solution was heated under reflux for 12 h. The reaction mixture was 
allowed to cool then poured into 150 mL of water followed by partitioning of the resulting mixture with 
DCM (2 × 40 mL). The combined extracts were washed with 30 mL of brine, dried over anhydrous Na2SO4 
then the solvents were evaporated under reduced pressure. The residue was purified by column 
chromatography (silica, DCM) to give the product as a yellow crystalline solid. Yield: 307 mg (87 %). 1H 
NMR (300 MHz, CDCl3, 25 °C)  = 7.34 – 7.4 (m, 4 H, ArH), 7.43 – 7.48 (m, 2H, ArH), 7.63 – 7.67 (m, 4 
H, ArH) ppm. 13C NMR (75 MHz, CDCl3, 25 °C)  = 128.5, 130.2, 130.4, 137.0, 142.2, 149.2, 158.2 ppm. 
FTIR (ATR) ṽ= 3109, 3075, 2918, 2849, 2558, 1557, 1451, 1401, 1338, 1244, 1234, 1163, 1082, 1068, 1007, 
968 cm–1. HR-MALDI-MS (DHB): m/z calc. for C18H10Cl2N4 [M]+: 352.0283; found 352.0283. 
2,3-Diamino-6,7-diphenyl-1,4,5,8-tetraazanaphthalene, 7. Dry ammonia gas was bubbled through a 
solution of 2,3-dichloro-6,7-diphenyl-1,4,5,8-tetraazanaphthalene (200 mg, 0.57 mmol) in DMF (7 mL) for 
15 min at RT. The reaction mixture was then heated at 90°C in a sealed tube for 12 h. Solvents and excess 
ammonia were then removed under reduced pressure. The solid residue was ultrasonicated with water (20 
mL), the solid was filtered, washed with ethyl-acetate (20 mL) then hexane (20 mL) giving the product as a 
yellow crystalline solid. Yield: 100 mg (56 %). 1H NMR (300 MHz, DMSO-d6, 25 °C)  = 7.29 – 7.31 (m, 
6H, ArH), 7.35 – 7.39 (m, 4H, ArH), 7.45 (br s, 4H, NH2) ppm. 13C NMR (75 MHz, DMSO-d6, 25 °C)  = 
127.7, 127.8, 129.6, 139.5, 141.5, 146.8, 148.3 ppm. FTIR (ATR) ṽ= 3452, 3314, 3222, 3138, 2028, 1628, 





2,3-Dichloro-6,7-di(4-tert-butylphenyl)-1,4,5,8-tetraazanaphthalene. 4,4´-Di-tert-butylbenzil (323 mg, 1 
mmol) and 2,3-diamino-5,6-dichloropyrazine (190 mg, 1.05 mmol) were dissolved in a mixture of dry 1,4-
dioxane (10 mL) and glacial acetic acid (2 mL). The solution was heated under reflux for 12 h. The reaction 
mixture was then allowed to cool, poured into water (150 mL) and extracted with DCM (40 mL). The extract 
solution was washed with of brine (30 mL), dried over ahydrous Na2SO4, then solvents were evaporated 
under reduced pressure and the residue was purified by column chromatography (silica; DCM, hexane 5/1) 
to give the product as a yellow crystalline solid. Yield: 255 mg (55 %). 1H NMR (300 MHz, CDCl3, 25 °C) 
 = 1.31 (s, 18H, CH3), 7.38 (d, 3J = 8.4 Hz, 4H, ArH), 7.63 (d, 3J = 8.4 Hz, 4H, ArH) ppm. 13C NMR (75 
MHz, CDCl3, 25 °C)  = 31.2, 34.9, 125.4, 130.0, 134.3, 142.1, 148.7, 154.1, 158.1 ppm. FTIR (ATR) ṽ= 
2962, 2926, 2868, 1729, 1604, 1461, 1333, 1235, 1166, 1112, 1008 cm–1. HR-MALDI-MS (DHB): m/z [M]+ 
calcd for C26H26Cl2N4: 466.1691; found 466.1692. 
2,3-Diamino-6,7-di(4-tert-butylphenyl)-1,4,5,8-tetraazanaphthalene. Dry ammonia gas was bubbled 
through a solution of 2,3-dichloro-6,7-di(4-tert-butylphenyl)-1,4,5,8-tetraazanaphthalene (300 mg, 0.65 
mmol) in DMF (10 mL) for 15 min at RT. The reaction mixture was heated at 90°C in a sealed tube for 12 
h. Solvents and excess ammonia solution was removed using reduced pressure. The product was isolated 
using column chromatography (silica; CHCl3, 8% MeOH) to give product like a yellow crystalline solid. 
Yield: 125 mg (45 %). 1H NMR (300 MHz, DMSO-d6, 25 °C)  = 1.33 (s, 18H, CH3), 7.34 – 7.43 (m, 12H, 
ArH + NH2) ppm. 13C NMR (75 MHz, CDCl3, 25 °C)  = 31.0, 34.1, 124.42, 129.1, 136.7, 141.2, 146.6, 
148.1, 150.1 ppm. FTIR (ATR) ṽ= 3435, 3316, 3235, 2959, 2864, 1700, 1520, 1435, 1365, 1333, 1268, 
1207, 1117, 1016 cm–1. HR-MALDI-MS (DHB): m/z [M + 2H]+ calcd for C26H30N6: 428.2688; found 
428.2677. 
5,12-Dihydro-2,3,8,9-tetraphenyl-1,4,5,6,7,10,11,12-octaazatetracene, 2. A mixture of 2,3-dichloro-6,7-
diphenyl-1,4,5,8-tetraazanaphthalene (106 mg, 0.3 mmol), 2,3-diamino-5,6-diphenylpyrazine (95 mg, 0.36 
mmol) and K2CO3 (138 mg, 1 mmol) in DMSO (5 mL) was heated for 3 h at 110 °C. The reaction mixture 
was allowed to cool to room temperature then poured into saturated aqueous ammonium chloride solution 
(30 mL) and extracted with chloroform (3 × 50 mL). The combined extracts were washed with brine (100 
mL), dried over anhydrous Na2SO4 then solvents evaporated under reduced pressure. The product was 
isolated using column chromatography (SiO2; CHCl3, 8 % THF) to give the product as an orange crystalline 
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solid. Yield: 70 mg (43 %). UV-Vis (CH2Cl2): λmax (ε) = 249 (77000), 441 (39500), 461 (67000), 489 (46000) 
nm. 1H NMR (300 MHz, THF-d8, 25 °C) δ = 7.14 – 7.22 (m, 12H, ArH), 7.33 – 7.36 (m, 8H, ArH), 10.94 
(br. s, 2H, NH) ppm. 13C NMR (75 MHz, CF3COOD, 25 °C) δ = 131.3, 131.5, 133.2, 134.1, 142.3, 149.3, 
152.0 ppm. FT-IR (BaF2) ṽ = 3639, 2956, 2924, 2854, 1522, 1445, 1429, 1406, 1368, 1185, 1088, 1026, 984, 
762, 695 cm–1. HR-MALDI-MS (DHB): m/z [M + 2H]+ calcd for C34H24N8: 544.2118; found 544.2140.  
6,13-Dihydro-2,3,9,10-tetraphenyl-1,4,5,6,7,8,11,12,13,14-decaazapentacene, 1. A mixture of 2,3-
dichloro-6,7-diphenyl-1,4,5,8-tetraazanaphthalene (106 mg, 0.3 mmol), 2,3-diamino-6,7-diphenyl-1,4,5,8-
tetraazanaphthalene (104 mg, 0.33 mmol) and K2CO3 (138 mg, 1 mmol) in DMSO (5 mL) was heated for 4 
h at 120 °C. The reaction mixture was allowed to cool to room temperature then poured into aqueous saturated 
ammonium chloride solution (30 mL) and filtered. The filtrate was dissolved in THF, the resulting solution 
passed through a short plug of silica then the solvents were evaporated under reduced pressure. Ethyl acetate 
(20 mL) was added to the resulting solid followed by ultrasonication of the suspension for 10 min.  The 
suspension was filtered, rinsed with water (50 mL), hot ethyl-acetate (10 mL), dichloromethane (10 mL) and 
dried under reduced pressure to give the product as a red crystalline solid. Yield: 63 mg (35 %). UV-Vis 
(CH2Cl2): λmax (ε) = 252 (75100), 470 (73500), 502 (108000) nm. 1H NMR (300 MHz, CF3COOD, 25 °C) δ 
= 7.05 – 7.08 (m, 8H, ArH), 7.15 – 7.17 (m, 8H, ArH) ppm. 13C NMR (75 MHz, CF3COOD, 25 °C) δ = 131.6, 
132.2, 133.5, 135.4, 143.0, 147.9, 155.6 ppm.  FT-IR (BaF2):  ṽ = 3631, 3384, 3085, 2948, 1580, 1507, 1445, 
1192, 1089, 1026, 696 cm–1. HR-MALDI-MS (DHB): m/z [M + H]+ calcd for C34H23N10: 595.2107; found: 
595.2101. 
6,13-Dihydro-2,3,9,10-tetrakis(4-t-butylphenyl)-1,4,5,6,7,8,11,12,13,14-decaazapentacene, 1-tBu. A 
mixture of 2,3-Dichloro-6,7-bis(4-tert-butylphenyl)-1,4,5,8-tetraazanaphthalene (140 mg, 0.3 mmol), 2,3-
Diamino-6,7-bis(4-tert-butylphenyl)-1,4,5,8-tetraazanaphthalene (141 mg, 0.33 mmol) and K2CO3 (138 mg, 
1 mmol) in DMSO (5 mL) was heated for 4 h at 120 °C. The reaction mixture was allowed to cool to room 
temperature, poured into aqueous saturated ammonium chloride solution (30 mL) then the mixture extracted 
with CHCl3 (3 × 50 mL). The combined extracts were washed with brine (50 mL), dried over anhydrous 
Na2SO4 then solvents were evaporated under reduced pressure. The solid residue was purified using column 
chromatography (SiO2; CHCl3, 8 % THF) to give the product as a dark purple crystalline solid. Yield: 110 
mg (45 %). UV-Vis: λmax (ε) = 231 (31400), 268 (22800), 571 (51700), 606 nm (60500). 1H NMR (300 MHz, 
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THF-d8, 25 °C): δ = 7.25 – 7.30 (m, 8H, ArH), 7.40 – 7.45 (m, 8H, ArH), 11.61 (br. s, 2H, NH) ppm. 13C NMR 
(75 MHz, CF3COOD, 25 °C) δ = 31.7, 36.9, 128.5, 130.2, 131.8, 142.37, 147.3, 155.5, 160.8 ppm. FT-IR 
(BaF2) ṽ = 3213, 3129, 3051, 2960, 2924, 2855, 1607, 1542, 1442, 1286, 1190, 1116, 1077, 1016 cm-1. HR-
MALDI-MS (DHB): m/z [M + H]+ calcd for C52H55N10: 819.4611; found: 819.4609. 
General procedure for oxidation. Dihydroazaacene derivative (0.001 mmol) was dissolved in dry 
dichloromethane (3 mL) and lead (IV) oxide (50 wt%) was added. The reaction mixture was stirred for 10 
min. then filtered through Celite and solvents evaporated under reduced pressure to give the products as 
solids in quantitative yields. 
2,3,8,9-Tetraphenyl-1,4,5,6,7,10,11,12-octaazatetracene, 2-ox. Dark purple solid. 1H NMR (300 MHz, 
CD2Cl2, 25 °C): δ = 7.45 – 7.50 (m, 8H, ArH), 7.56 – 7.61 (m, 8H, ArH), 7.82 – 7.86 (m, 8H, ArH) ppm.  1H 
NMR (600 MHz, CDCl3, 25 °C): δ = 7.47 (m, 8H, ArH), 7.58 (m, 4H, ArH), 7.87 (m, 8H, ArH) ppm. 13C 
NMR (150 MHz, CDCl3, 25 °C): δ = 128.6, 130.8, 131.8, 137.1, 147.0, 147.8, 162.6 ppm. FT-IR (BaF2) ṽ = 
3051, 2916, 2848, 1593, 1540, 1427, 1366, 1130, 768, 698, 693 cm-1. HR-MALDI-MS (DHB): m/z [M + H]+ 
calcd for C34H21N8: 541.1889; found: 541.1888. 
2,3,9,10-Tetraphenyl-1,4,5,6,7,8,11,12,13,14-decaazapentacene, 1-ox. Dark red solid.  FT-IR (BaF2) ṽ = 
2947, 2865, 1580, 1539, 1445, 1192, 1089, 1070, 697 cm-1. HR-MALDI-MS (DHB): m/z [M + H]- calcd for 
C36H21N10: 593.1951; found 593.2013. 
2,3,9,10-Tetrakis(4-t-butylphenyl)-1,4,5,6,7,8,11,12,13,14-decaazapentacene, 1-tBu-ox. Dark purple 
solid. 1H NMR (300 MHz, CD2Cl2, 25 °C): δ = 1.40 (s, 36H, CH3), 7.52 (d, 3J = 9 Hz, 8H, ArH), 7.88 (d, 3J 
= 9 Hz, 8H, ArH) ppm. 13C NMR (75 MHz, CD2Cl2, 25 °C) δ = 30.9, 35.2, 125.8, 130.9, 134.6, 148.6, 148.7, 
156.8, 163.8 ppm. FT-IR (BaF2) ν = 3067, 2962, 2904, 2868, 1603, 1505, 1407, 1340, 1304, 1196, 1097, 
1062, 831, 704 cm-1. HR-MALDI-MS (DHB): m/z [M + H]- calcd for C52H53N10: 817.4460; found 817.4432.  
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3.0 Physical appearances of 1 and 2 
 
Figure S1. Photographs of samples of 2 (upper) and 1 (lower) illustrating the colours of the compounds. 
 
 
Figure S2. Photographs of solutions of (a) 2 (CH2Cl2), (b) 2 (THF), (c) 1 (CH2Cl2), (d) 1 (THF), (e) 1 
(dilute, CH2Cl2). 1 is aggregated in CH2Cl2 at high concentration and its fluorescence is quenched. 1 and 2 
are solvatochromic dyes. Details will be reported elsewhere.  
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4.0 Electronic absorption spectra for 1-ox and 2-ox 
 
Figure S3. UV/Vis and fluorescence spectra of (a) 2-ox and (b) 1-ox.  
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5.0 Electrochemical Reduction of 2-ox. 
 
Figure S4. Cyclic voltammetry for 2-ox revealing a first reduction at -0.293 V. 1-ox could not be obtained 
in a form suitable for electrochemical measurements.  
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
E (V vs Fc+/Fc)
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6.0 DFT-generated structures 
Figure S5. DFT calculations for compound 2. (a) Molecular structure. (b) Surface charge. (c) Highest 




Figure S6. DFT calculations for compound 2-ox. (a) Molecular structure. (b) Surface charge. (c) Highest 





Figure S7. DFT calculations for compound 1. (a) Molecular structure. (b) Surface charge. (c) Highest 






Figure S8. DFT calculations for compound 1-ox. (a) Molecular structure. (b) Surface charge. (c) Highest 
occupied molecular orbital (HOMO), and (d) lowest unoccupied molecular orbital (LUMO). 
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7.0 Titration of 1 with DBU. 
 
Figure S9. UV/Vis titration of 1 with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). Spectral changes can be fit 
according to a double deprotonation process with easy first deprotonation (K1 > 3  107 M-1) and more 
difficult second process (K2 = 1.7 (± 0.1)  106 M-1). Proposed chemical structures and photographs of the 





7.1 Titration of 2 with DBU. 
Figure S10. Titration of 2 with DBU. Spectral changes can be fit according to a double deprotonation process 





8.0 STM images and in situ XPS data for compound 1 
Figure S11. Scanning tunneling micrographs of 1 on Cu(111). (a) 1 distributed as found, predominantly with 
a double-lobe form. In contrast to 2, other forms can also be found at low concentration and are largely 
eliminated following subsequent annealing.  (b) Line structures formed upon annealing of 1 at 300°C on 
Cu(111). (c) Double-lobed two-dark-spot structures dominate after annealing above 300°C. (d-f) Magnified 
images of (a-c), respectively. Note the narrow line depicting the molecular backbone, e.g. in Fig. 6e. (d) 
Chiral double-spot profile of 1 similar to that found for 2 (Figure 3(d)). (e) Line structures with phenyls and 
acene backbones clearly recognizable. (f) Double-lobed/two-dark-spot structure obtained for 1 due to 
dehydrogenation/cyclodehydrogenation (see main text). (g-i) N1s XP spectra of 1 on Cu(111): (g) as-
deposited as in (a),(d); (h) after annealing at 300°C as in (b),(c); (i) after annealing above 300°C as in (c),(f). 
STM data information: (a) 50nm x 50nm, 10pA, 1V. (b) 50nm x 50nm, 50pA, 300mV. (c) 50nm x 50nm, 
10pA, 1V. (d) 4nm x 4nm, 10pA, 1V. (e) 10nm x 10nm, 50pA, 300mV. f) 4nm x 4nm, 50pA, 300mV. 
(g) (h) (i) 
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9.0 Analysis of surface chirality for 2 
 
 
Figure S12. a) Molecules align along six directions on the threefold symmetric Cu(111) substrate. This 
implies that the 2 chiral conformers take a mirror orientation along the 3 principal directions of the substrate.  
Note that the determination of the angles is of limited precision. In the table on the right the number of 
molecules oriented in one or the other direction has been listed. b) Chirality identification. Molecules are 
adsorbed in two different chiral conformations and have been marked with blue and green ‘S’ and mirror ‘S’ 
features depicting the molecules of opposing chirality. Both enantiomers are present with about equal 














10.0 STM images of 2 after keeping the sample at room temperature for 24 h 
on Cu(111) 
 
Figure S13. STM images of 2 on Cu(111) after a period of 24 h at ambient temperature revealing that line 




11.0 Packing model for the line structure 
 
Figure S14. Packing structure within lines of 1 after self-assembly on Cu(111). The major structure 
directing factor is C-H…N hydrogen bonding, which is a also a major structure-director in crystals of 




12.0 C-H…N Hydrogen bonding in other pyrazinacenes 
 
Figure S15. C-H…N H-bonding distances in X-ray crystal structures of other pyrazinacenes. Distances 
quoted are for close approach of proton to N atoms. (a) 2,3-Diphenylpyrazine-5,6-dicarbonitrile,[S8] (b) 2,3-
diphenyl-1,4,5,8-tetraazanaphthalene-6,7-dicarbonitrile,[S8] (c) (i) 2,3-diphenyl-1,4,5,8,9,10-hexaaza 
anthracene-6,7-dicarbonitrile.[S8] (ii) Side view revealing edge-wise packing. (d) 2 (this work) and (e) (i) 2,3-
diphenyl-5,12-dihydro-1,4,5,6,7,10,11,12-octaazatetracene.[S8] (ii) Side view revealing edge-wise packing. 
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13.0 In situ XPS data for compound 2 
Figure S16. N1s XP spectra of 2 on Cu(111): (a) as-deposited as in Figure 2a,d of the main manuscript. (b) 
after annealing at 150°C as in Figure 2b,e of the main manuscript; (c) after annealing above 300°C as in 
Figure 2c,f.  Disappearance of the N1s XPS peak at 399.4 eV is consistent with oxidation of the acene 
backbone. 
 






















Figure S17. Molecule profile for 2. (a) As-deposited molecule. (b) after annealing at 300 °C. (c), (d) 
Corresponding distance profiles for lines given in (a) and (b), respectively. Space-filling models of 2 and the 








(a) (b) (c) 






































Figure S18. Molecule profile for 1. (a) As-deposited molecule. (b) after annealing at 300 °C. (c), (d) 
Corresponding distance profiles for lines given in (a) and (b), respectively. Space-filling models of 1 and the 






















15.0 STM height profile data – self-assembled lines 
 
Figure S19. STM profile data for line structures of (a) 1 and (b) 2. A1, B1 and C1 denote three different 
conformations of 1 arranged within a linear array; the corresponding height profiles shown at right reveal 
depressed points due to phenyl group rotation (lower dihedral angles between phenyls and pyrazinacene). 2 
similarly shows 3 conformations A2, B2 and C2 with the height profiles also shown at the right of the STM image. 
STM images contain the respective packing models for 1 and 2. (c) Work function map of 2. The work function 
probes the local charge modification on the molecules by measuring current-distance I(z) plots at every point of 
the sample. From these it appears that the electronegative phenyls are imaged with higher electronegativity. Also 
the flexed rotation of the phenyl groups with respect to each other and the substrate is clearly shown. Due to the 
high electronegativity of the molecules, the surrounding borders of the chains are electron depleted and are 
identified by their lower electronegativity values.  
Description of Figure S19. Variation in the height profiles of molecules contained within the line structures can be 
assigned to conformational variation of the phenyl substituents of the compounds, i.e. different dihedral angles between 
the planes of phenyl groups and the plane of the pyrazinacene backbone. For 2, variation in the phenyl group 
conformation is relatively rare and appears as ‘defects’ in the line structures. The observed defects within the arrays 
correspond to different conformers being included in the arrays; the STM profile height is lower due to rotation of the 
phenyl groups of one molecule. Possibly in order to reduce stresses within the array, the molecules adjacent to this 
defect rotate their phenyl groups and are of brighter STM contrast and greater height, as shown in Figure S9b 
(Conformations B2 and C2). Therefore, there exist three different conformations of 2 (indicated in the STM image 
overlay of Figure S9b) although that closely resembling the crystal structure conformation (Conformation A2) 
dominates. In contrast, phenyl group dihedral angle variation in 1 (Figure S9a) is significantly more common although 
there appears again to be three possible conformations. The contrast of STM images of the line structure of 1 suggests 
that conformations with larger dihedral angles between phenyl groups and pyrazinacene backbone are preferred. It is 
difficult to specify these angles but again rotation of the phenyl rings leads to their different heights in STM and allowed 
us to identify three distinct conformations, A1 (similar conformation to energy minimized structure), B1 (with a single 
phenyl group with a lower dihedral angle with the pyrazinacene) and C1 (where two phenyl groups at the same end of 
the molecule have lower dihedral angles). It is likely that this difference in conformational preference between 1 and 2 
(i.e., 1 commonly adopts a range of conformations while 2 largely adopts a conformation similar to its crystallographic 
form plus occasional defects) originates in interactions with the substrate lattice so that 2 is more easily accommodated 
in its preferred conformation while 1 is required to adapt (through dihedral angle variation) in order to form the line 
structures. Therefore, the line structures may be the lower energy state favored by both molecules over a dispersed state 
at the expense of phenyl group dihedral angle variation.  
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16.0 DFT Structures and Simulation of STM images 
 
Figures S20. DFT Energy-minimized structures used to simulate STM images of 2 and products of its in situ 



















Figure S21. DFT Energy-minimized structures used to simulate STM images of 2 on Cu(111). (i) and (ii) are 









Figure S23. (a) Experimentally observed STM image of 2-ox self-assembled line structures obtained by in situ 
dehydrogenation on Cu(111). (b) Simulated STM image of 2-ox on Cu(111). (c) Simulated STM image of 2-ox 
on Cu(111) with molecular structure overlaid indicating that CH…N hydrogen bonding is the most important 




Figure S24. (a) Experimentally observed STM image of in situ cyclodehydrogenated 2-ox. (b) Simulated STM 
image of in situ cyclodehydrogenated 2-ox on Cu(111).  
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17.0 Photoredox Activity 
 
Scheme S1. Benchmark CDC reaction. 
 
 
Table S1. Yields of reaction shown in Scheme S1 catalyzed by 1 or 2. 
Comp. Conversion [%]a Isolated yield [%] 
none 0 0 
1 67 63 
2 72 70 
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Frustrated H-bonding of planar molecules on a weakly interacting 
semi-metallic Bi surface  
S. Fatemeh Mousavi,*a Aisha Ahsan,a Thomas Nijs,a Benjamin Günther,b Milos Baljozovic,c Aneliia 
Wäckerlin,a,d, Olha Popova,a Sylwia Nowakowska,a Christian Wäckerlin,*d Jonas Björk,*e Thomas A. 
Jung*c and Lutz H. Gade*b  
DPDI molecules exclusively act as hydrogen bond donors in planar 
2D arrangements, making them potential building blocks for 
"frustrated" H-bonded aggregates on weakly interacting substrates 
such as Bi-Cu(100). A combination of STM experiments and DFT 
modeling has shown that slight out of plane rotation of the 
molecules enables aggregation via hydrogen bond "over-
coordination", forming inter alia a porous network with chiral 
three-connected nodes. 
Among the interactions governing molecular and 
macromolecular structure in three dimensional as well as in 
two-dimensional (2D) assembly at interfaces, H-bonding is of 
central importance.1–5 The resulting supramolecular assemblies 
are directed via the location and orientation of the functional 
groups interacting in the form of hydrogen  bond donor-
acceptor couples. The absence or underrepresentation of 
complementary H-bonding acceptor units may result in 
bifurcated or "over-coordinated" hydrogen bonds that direct 
the aggregation.6–13 In this work, we demonstrate that upon 
restricting the dimensionality of the aggregates on surfaces,14–
28 a remarkable situation may arise for molecules which can 
exclusively act as 2D H-bond donors, while possessing atoms 
with orthogonal H-bond accepting electron density (in 
molecular orbitals with -symmetry). We show that the 
resulting frustration of hydrogen bonding in 2D may be 
overcome by slight tilting of the individual molecules, which 
leads to the collective stabilization of ordered aggregates. 
 The functionalized polycyclic aromatic compound 4,9-
diaminoperylene quinone-3,10-diimine (DPDI) (Figure 1)29 has 
been found to undergo a variety of transformations on coinage 
metal surfaces, in particular on Cu, and has given rise to a 
variety of highly ordered surface structures based on the partial 
thermal dehydrogenation and coordination of the resulting 
endo- or exoligands to surface adatoms.30,31 On the other hand, 
the parent compound DPDI has not generated ordered 
structures upon deposition onto different crystal faces of Cu 
substrates. This is due to the absence of complementary 
interacting functional groups which could direct an ordered 
assembly of the molecules in a planar arrangement.  
 DPDI can exclusively act as a hydrogen bond donor in a 2D 
array whereas appropriately orientated lone pairs, which could 
act as hydrogen bond acceptors, are absent. This applies to both 
tautomers of DPDI, represented in Figure 1, l-DPDI with the 
arrangement of imino and amino groups colinear to the 
principal molecular axis and x-DPDI with an over-cross 
arrangement of the functional groups. While not 
distinguishable in solution due to rapid tautomerization, a DFT 
study for both molecules in the gas phase has shown that the 
latter is destabilized by ca 1.5 kcal∙mol-1 (65 meV, see ESI 6.8). 
These properties render them ideal objects of study for possible 
2D aggregation patterns in such a "frustrated" situation as 
would occur on smooth surfaces, such as the faces of single 
crystal substrates. 
Given the expected weak intermolecular interactions, the 
considerable interaction strength of planar polyaromatic 
molecules with metallic substrates provides an obstacle which 
may be dampened by decoupling layers from semi-metallic32 
and non-metallic,33–36 materials. For the current study we 
have chosen Bi reconstructed Cu(100) at higher than 0.5 ML 
Bi surface coverage as it has been reported to form a p(10x10) 
surface reconstruction.37–39 This reconstruction is 
characterized by a regular pattern of pockets and dislocation 
arrays along the <100> directions (Figure 2a). 
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Figure 1. The two tautomeric forms l-DPDI and x-DPDI, possessing Cs and C2 
symmetry, respectively, in 2D. Both forms lack H-bond acceptor capability in 2D.  
 Two ordered aggregation patterns were identified by 
Scanning Tunneling Microscopy (STM), a new, weakly 
aggregated porous network containing windmill shaped nodes 
(generating distorted hexagons) and a compact assembly with 
a zigzag structure (Figure 2b,c) which is predominant at high 
coverages (Figure 3a). Interestingly, the two monolayer 
patterns co-exist even at low coverages on the same terraces of 
the substrate. This indicates that their formation energy (per 
molecule) is by coincidence about similar in spite of their 
distinctly different packing density and structure.40  
 
Figure 2:  Atomic and molecular resolution micrographs of Bi re-constructed 
Cu(100) and on-surface supramolecular assemblies of DPDI, an amino-
functionalized perylene derivative. a) atomic resolution Scanning Tunneling 
Microscopy (STM) image of p(10x10) Bi reconstructed Cu(100). b) STM micrograph 
of DPDI on Bi reconstructed Cu(100). Trigonal porous network of distorted 
hexagons and zigzag assembly created by deposition of DPDI on Bi/Cu(100) c) 
Zoom image taken in the area of b) showing the border between zigzag assembly 
and hexagonal networks a) 10 nm x 5 nm, -5 mV, 400pA, b) 90 nm x 90 nm, 1 V, 
10 pA, c) 20 nm x 20 nm, 1 V, 10 pA  
X-ray Photoelectron Spectroscopy (XPS) was employed to 
identify the chemical state of the molecular building block 
involved in assemblies of DPDI on Bi/Cu(100). Only the intact 
DPDI, characterized by the two peaks identified as amine 
(399.4 eV) and imine (398 eV) nitrogen, was observed The 
relative intensity of the amine and imine peaks was found to be 
independent of the relative surface coverage of the distorted 
hexagonal network and the higher density zigzag arrangement 
observed at increased DPDI coverage (Figure 3b). 
Towards understanding the binding motif, the aggregation 
patterns were analyzed by high resolution STM at 5K. For the 
porous network the principle molecular axes of the three DPDI 
connected at the nodes are not pointing to its centre but form 
a C3 symmetric "2D-chiral" motif (Figure 4a), representing 
alternatively right- (R) and left-handed (L) helicity. We note that 
such 2D chiral three-connected nodes have been observed 
previously in surface arrays of organic molecules.41,42 
 The x-DPDI tautomer with its C2-symmetry in 2D would have 
generated a network structure with homochiral nodes (Figure 
S10). Since the DPDI molecules of these ordered aggregates 
cannot aggregate via H-bonding in a planar arrangement the 
question arose how these "frustrated" systems arrange to form 
both ordered arrays, the porous network (Figure 4a) and the 
more densely packed ‘zigzag’ pattern (Figure 4b).  
 
 
Figure 3.  Identification of the chemical form of DPDI involved in the two co-
existing assemblies.  a) Statistical bar chart showing the increased fraction of the 
zigzag assembly with increased DPDI coverage. b) The surface chemical analysis by 
N1s XPS reveals two peaks identified as amine (399.4 eV) and imine (398 eV) 
nitrogen consistent with earlier reports. A constant amine/imine ratio is observed 
with increasing coverage from 0.4 ML to the multilayer. 
Each pore of the network is thus surrounded by three L and 
three R nodes, generating a network with a 1:1 ratio of both 
enantiomeric types of nodes to give an overall achiral "meso"-
structure. We note that this heterochiral array of adjacent 
nodes is to be seen as a direct consequence of the individual 
molecule adopting the l-DPDI form and thus possessing 
molecular Cs-symmetry (Figure 1). The x-DPDI tautomer with its 
C2-symmetry in 2D would have generated a network structure 
with homochiral nodes (Figure S10). Since the DPDI molecules 
of these ordered aggregates cannot aggregate via H-bonding in 
a planar arrangement the question arose how these 
"frustrated" systems arrange to form both ordered arrays, the 
porous network (Figure 4a) and the more densely packed 
‘zigzag’ pattern (Figure 4b).  
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 To investigate the observed structures further in depth, we 
carried out DFT calculations of how the DPDI molecule adsorbs 
on the Bi/Cu(100) surface and how molecules may form stable 
intermolecular bonding motifs (see ESI). DPDI was found to 
adsorb in registry with the Bi top (ESI)layer with a comparably 
low adsorption energy of 1.58 eV and an adsorption height of 
3.46 Å, characteristic of physisorption (Figure S4). Optimization 
of different freestanding network structures of DPDI revealed 
that the linear l-DPDI isomer forms the most stable network 
(Figure S6), with network dimensions and alternating chirality 
of network nodes consistent with the experimental data (Figure 
4c). Importantly, the steric repulsion between one of the H 
atoms of the DPDI molecule and one of the H atoms of the 
amine group leads to the out of plane rotation of the DPDI 
molecules for each node generating 3D-chiral propeller like 
nodes (see Figure 4c, inset at the bottom). 
Figure 4. STM images and structural models of coexisting hydrogen bonded structures of 
DPDI on Bi/Cu(100). a) The quasi-hexagonal porous network with a superimposed ball-
and-stick model. b) Zigzag assembly with a 2D superimposed ball-and-stick model. STM 
images: a) 5 nm x 5 nm, 500 mV, 30 pA b) 5 nm x 5 nm, 1 V, 10 pA. DFT studies. c) DFT 
model of the hexagonal network (formation energy -345 meV/molecule). DPDI remains 
close to planar in spite of its distinct out-of-plane orientation as it is visible from the side 
view below. Neighboring nodes exhibit opposite chirality. d) DFT model of the zigzag 
assembly (formation energy -150 meV/molecule).  
 For comparison this freestanding network with the 
heterochiral nodes, has been modelled in the gas phase and in 
a corresponding hypothetical network composed of the x-DPDI 
tautomer, in which the nodes are homochiral: The formation 
energy of the observed network is found to be 
85 meV/molecule more stable than of the homochiral 
alternative (see ESI 6.6). Approximately two thirds of this energy 
difference correspond to the greater stability of l-DPDI 
compared to x-DPDI (vide supra). The remaining energy 
difference is due to the fact that in the homochiral network the 
molecule is slightly twisted, while in the heterochiral network 
the molecule is tilted but remains planar. 
As the out of plane tilt of the DPDI molecules is required for 
linking the l-DPDI molecules in this H-bonding model, it is most 
pronounced in model calculations of the molecules as free 
standing layers, but clearly survives if the model calculation is 
performed in presence of the Bi/Cu(100) substrate. The weak 
interaction with the substrate is a prerequisite to the out-of-
plane rotation of the DPDI molecules in this binding motif and 
thus to the formation of the H-bonded network.  
 It is quite remarkable that a planar adsorbate is driven in an 
out of plane orientation by intermolecular H-bonding as this is 
not a strong binding motif. The rather weak interaction of DPDI 
assemblies with the alloyed Bi/Cu(100) layers, and the resulting 
large adsorption heights of approx. 3.5 Å and the frustrated H-
bonding is also evidenced by the facile disruption of this layer in 
STM repositioning experiments (Figure S3) and also by its 
desorption from the substrate at relatively low (<  ̴100 °C) 
temperatures.  
 For the second observed self-assembled structure with its 
characteristic zigzag appearance (Figure 4d) a characteristic 
out-of-plane tilt of the l-DPDI molecules in the zigzag structure 
has also resulted from the DFT calculations (Figure 4d, bottom). 
From this model it becomes clear that the number of 
intermolecular H-bonds per molecule for the zigzag structure is 
only half (i.e. 2 compared to 4 bonds per molecule) that of the 
porous network. The predominant appearance of the hexagonal 
structure at lower than unity coverage (Figure 3a) of DPDI on 
Bi/Cu(100) can therefore be attributed to higher degree of 
intermolecular H-bonding. The porous network structure 
disappears at higher coverage to the benefit of the more 
compact chain structure in which the lower per molecule 
stabilization (by 195 meV/molecule) is compensated by 
stabilization through inter-chain interactions. Note that the 
molecular layer is driven into increasingly dense packing by the 
favoured Bi-DPDI interaction compared to the DPDI-DPDI 
interaction as typically observed, also on metal substrates.  
  
 
Figure 5. Electron density map denoting the redistribution of electronic charge which is 
a prerequisite for H-bonding. Green: Electron accumulation at the imine (donor), Red: 
Electron depletion at the amine (acceptor), Absolute value of contours: 0.01 e/Å3.  
 
A closer inspection of the hydrogen bonding which ties the molecules 
together at the chiral nodes has revealed that this represents a case 
for hydrogen bond "over-coordination" (Figure 5). An electron 
density map of three molecules in contact with each other in the 
relevant region illustrates the redistribution of electronic charge 
which is a prerequisite for the H-bonding. Notably, we find the 
accumulation of negative charge on the imine nitrogen atoms along 
with the polarization of one of the amine N-H bonds. A similar 
situation applies to the aggregation in the more densely packed 
"zigzag" structure(see ESI).In conclusion, a combination of STM 
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experiments and DFT modeling has shown that DPDI molecules, 
which form highly regular aggregates, can exclusively act as hydrogen 
bond donors in planar 2D arrays. Such "frustrated" H-bonding can be 
overcome through a slight out of plane rotation of the molecules 
which enables aggregation via hydrogen bond "over-coordination". 
The prerequisite for this structural flexibility to evade the slightly 
two-dimensional regime, is the weak adsorption energy with the 
substrate, in this case the Bi/Cu(100) system. The result has been 
either a porous network with chiral three-connected nodes or a more 
closely packed zigzag form of aggregation. This type of assembly 
mechanism may turn out to be fairly common for weakly 
adsorbed molecular layers. 
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1. Methods section 
All sample preparations and investigation were performed under ultrahigh vacuum (UHV) 
conditions with a base pressure of ∼10-10 mbar. The crystals (MaTecK GmbH) were cleaned by 
cycles of sputtering with Ar+ ions at 1 keV and subsequent annealing at ~ 450°C. Deposition of 
molecules on the substrates was done by thermal evaporation from a commercial evaporator (Kentax 
GbmH) at ~240°C. Metal adatoms were supplied by e-beam evaporator (Oxford Applied Research). 
The sublimed amount of the compound was controlled by a quartz crystal microbalance. All STM 
images were recorded at 5K in constant current mode (Omicron Nanotechnology GmbH) and 
processed with WSxM software1. The STM tip was made of 90% Pt and 10% Ir wire, mechanically 
cut and sputtered in situ with Ar+ ions. The XPS measurements were performed at the Laboratory 
for Micro- and Nano-technology at the Paul Scherrer Institute (PSI). The spectra were recorded in 
normal emission using a monochromatic Al kα X-ray source which results in a full width at half 
maximum (FWHM) of 1 eV. Spectra analysis was done with Unifit software.  
Computational details 
Periodic DFT calculations were done with the VASP code2, using the projector-augmented wave 
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method to describe ion-core interactions3 and with planewaves expanded to a kinetic energy cutoff 
of 400 eV. The van der Waals density functional4 described exchange-correlation effects, with the 
version by Hamada denoted as rev-vdWDF25 which has shown to describe adsorption of molecules 
on coinage metals accurately6. For the calculations of adsorbed molecules, the Bi/Cu(100) system 
was modeled by a four layered Cu(100) slab and a single layer of Bi atoms. The Bi/Cu(100)-
𝑝(10 × 10) system was modeled by the smallest supercell possible for constructing the system by 
translational periodic boundary conditions, resulting in 200 Cu atoms per layer and unit cell.7 All 
calculations were done with a Γ-point only k-point sampling. For the optimization of freestanding 
networks we found the length of the unit cell vectors by optimizing the structure of a range of lattice 
parameters. All structures were geometrically optimized until the residual forces on all atoms 
(except the two bottom layers of the Cu slab) were smaller than 0.01 eV/Å.  









Figure S1:  STM micrograph of DPDI on Cu(100). Single native molecules are spread all over the 
metal substrate. STM image: 80 nm x 80 nm, 1 V, 10 pA.  
As can be seen above deposition of DPDI on bare Cu(100) does not lead to the formation of 
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3. XPS studies 
Detailed information on coverage dependency XPS: 
 
Table 1: Amino & Imino groups peak positions and corresponding information upon coverage 
increase on the substrate. 
1. Orientation of the hexagonal networks with respect to the substrate 
 
Figure S2: Overall alignment of the DPDI network with the principal axis of the 
reconstruction of the underlying substrate. a.) The three principal directions of the observed 
DPDI network are indicated by white lines along the directions of the densest linear packing 
of DPDI. a &b) One of these directions is found to align with the principal axis of the p10x10 
reconstruction of the Bi thin film indicating preference of DPDI for the ‘node’ positions (for 
the discussion of another supramolecular layer on p(10x10) Bi see Ref 8. The relative 
alignment of the network and the near network reconstruction has been determined as 
indicated: Directions in the network and for the reconstruction close to (within 4-6 unit cells) 
to the network have been indicated blue and red, respectively. The analysis of ‘60’ such lines 
on ‘6’ different DPDI islands on p10x10 Bi revealed a directional alignment of 3 +/- 1 
degrees. Similarly, agreement is found between the line spacing of ~ 2.35nm for the DPDI 
network and ~1.85nm for the p (10x10) Bi. The observed agreement of the lattice parameters 
of the not strictly regular p (10x10) Bi reconstruction in the vicinity of the DPDI network 
indicates that this alignment is caused by an adsorbate induced reconstruction.9 
 
2. Strength test using STM tip 
To test the strength of the networks we tried to break those using STM tip. The tip was 
crossed very close to the surface. As a result, we could break the H-bonded pores. 
(a) (b) 
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Figure S3: Strength test performed on DPDI pores. a) before breaking. b) after breaking. STM 
























1- STM tip was put in position 1 
2- Voltage and current values were changed in 
order to make the tip closer to the surface 
3- feedback was switched off 
4- tip was moved from position 1 to position 2. 
5- Feedback switched on 
6- The place was scanned again. 
As it can be seen the pore is broken.  
This test shows the weakness of the bonds. 
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3. DFT-Calculations 
6.1 Isolated DPDI on Bi-Cu(100) 
 
 
(a) Eads= -1.52 eV      (b) Eads= -1.53 eV       (c) Eads= -1.58 eV        (d) Eads= -1.54 eV 
 hads= 3.50 Å hads= 3.47 Å hads= 3.46 Å hads= 3.47 Å 
 
 
  (e) Eads= -1.53 eV (f) Eads= -1.54 eV (g) Eads= -1.53 eV 
   hads= 3.52 Å  hads= 3.47 Å  hads= 3.49 Å 
 
Figure S4: Different possible positions of isolated DPDI molecule (Tautomer 1) on Bi/Cu(100) 
substrate. Adsorption energy and height are mentioned at the bottom of each image.  
 
 
(a) Eads= -1.49 eV (b) Eads= -1.49 eV (c) Eads= -1.55 eV (d) Eads= -1.49 eV  
  hads= 3.51 Å  hads= 3.48 Å  hads= 3.46 Å  hads= 3.49 Å 
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  (e) Eads= -1.49 eV (f) Eads= -1.50 eV (g) Eads= -1.50 eV 
   hads= 3.53 Å  hads= 3.48 Å  hads= 3.49 Å 
Figure S5: Different possible positions of isolated DPDI molecule (Tautomer 2) on Bi/Cu(100) 
substrate. Adsorption energy and height are mentioned at the bottom of each image.  
All adsorption energies are given with respect of having tautomer 1 desorbed from the surface. 
6.2 Comparison between two tautomers 
 
  Eads= -1.58 eV Eads= -1.55 eV         
  hads= 3.46 Å hads= 3.46 Å                  
Figure S6: Comparison of adsorption energy and adsorption height between two most stable 
adsorption configurations of tautomer1 and tautomer 2. There is 0.03 eV difference in energy for 
the two tautomers when adsorbed on the surface. This should be compared to 0.04 eV which is the 
energy difference between the two tautomers in the gas phase, so essentially the energy difference 
between the two tautomers is the same on the surface and in the gas phase. Thus, the Bi-Cu(100) 





This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 75  
6.3 DPDI trimer on Bi reconstructed Cu(100) 
 
 
 Eads= -1.58 eV Eads= -1.67 eV/molecule                
 hads= 3.46 Å hads= 3.62 Å                  
Figure S7: DFT calculations for the adsorption energy and adsorption height of DPDI trimers (nodes 
of the hexagonal networks). 
 
Compare this to the formation energy of -345 meV/molecule for the freestanding network 3. 
But note that the trimer on the surface has half the number of intermolecular interactions per 
molecule. In other words, the suggested bonding motif is about half as strong on the surface as in 
the freestanding network. This comes from the fact that the DPDI molecule prefers to adsorb flat on 
the surface, while in the freestanding network it is quite tilted and the molecules cannot rotate/tilt as 
freely on the surface (see next figure). 
6.4 Comparison between freestanding network and trimer on surface: Tilt of the molecule. 









∆𝑧 (C atoms) − ∆𝑧 (C atoms) = 1.21 Å            ∆𝑧 (C atoms) − ∆𝑧 (C atoms) = 0.55 Å 
Figure S8: Comparison of the largest difference in z-coordinates of C-atoms between freestanding 
model and trimers on Bi/Cu(100) substrate. 
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Figure S9: Electron density redistribution due to intermolecular interactions. Green: electron 
accumulation, Red: electron depletion. This map shows how this network is stabilized by an 
intermolecular H-bond with the amine as H-bond donor and imine as H-bond acceptor, at some cost 
of weakening the corresponding intramolecular H-bond. 
6.6 Freestanding intact DPDI networks 
In the following sections, different possible hexagonal networks composed of DPDI in its 
different tautomeric forms is presented. The most stable network which is the most similar to STM 
results is represented in the main text and section 7.6.4 (network 3) 
6.6.1 Network 1: Nodes have the same chirality 
 
 
Figure S10: Freestanding DPDI network composed of tautomer 2. As can be seen the nodes of the 
network have the same chirality. The imine nitrogens act as both H-bond acceptors and donors for 
intermolecular H-bonds. Formation energy is around -120 meV/molecule. 
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6.6.2 Network 2: Nodes have the same chirality 
 
Figure S11: Freestanding DPDI network composed of tautomer 2. As can be seen the nodes of the 
network have the same chirality. The imine nitrogens act as H-bond acceptors, and amine nitrogens 
as H-bond donors, for intermolecular H-bonds. Formation energy is around -260 meV/molecule. 
 6.6.3 Network 2 flat: Nodes have the same chirality 
 
Figure S12: Freestanding DPDI network composed of tautomer 2. As can be seen the nodes of the 
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6.6.4 Network 3: Nodes have alternating chirality 
 
Figure S13: Freestanding DPDI network composed of tautomer 1. As can be seen the nodes of the 
network have alternating chirality, this model is presented in the main text too and fits well with 
experimentally obtained STM data. The bonding motifs are the same as in network 2, but alternating 
chirality between the nodes. Formation energy is around -345 meV/molecule so it is more stable 
comparing to network 2. It is also clear why network 3 is more stable than network 2, although the 
binding motifs look similar. In network 3, the molecule can easily tilt with the amines in one 
direction and the imines in the other direction, this way optimizing the bonding.  
 
 Comparing the two most stable networks in gas phase, network 2 (homochiral) and 
network 3 (heterochiral) shows that heterochiral network is 85 meV/molecule more stable than the 
homochiral network. So, regarding the results above, half of this energy difference comes from 
tautomer 1 being more stable. The remaining energy difference could be assigned to the fact that in 
the homochiral network the molecule is slightly twisted, while in the heterochiral network the 
molecule is tilted (or rotated around its long axis) and can better keep its structural integrity. So 
these results seem to indicate that the heterochiral network would be preferred even if the two 
tautomers were equally stable. However, if we consider the interaction between three molecules on 
the surface (sections 7.3 & 7.4), the formation energy from isolated molecules is smaller than for 
the freestanding network. The estimated formation energy of a network is 172 meV/molecule (2 
times 86 meV), compared to 345 meV/molecule for the freestanding network. The tilt of the 
molecule is much smaller on the surface, since the molecule-surface interaction strive for flat 
adsorption. This indicates that on the surface homo vs heterochirality is of less importance, from a 
network point of view and the tautomerization maybe more important. 
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 6.6.5 Network 3 flat: Nodes have alternating chirality 
 
Figure S14: Freestanding DPDI network composed of tautomer 1 in its flat form. As can be seen the 
nodes of the network have alternating chirality. Formation energy is around −279 meV/molecule. 
6.7 Different starting geometries 




Figure S15: Freestanding DPDI network with different starting geometry. The network eventually 






Starting geometry Optimizes into heterochiral 
version of network 1 
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Figure S16: Freestanding DPDI network with different starting geometry. The network eventually 
optimizes to network3. 
 
6.8 Geometry of gas phase calculation of l-DPDI and x-DPDI 
The DFT calculations were carried out using ORCA 4.0.1 program package.10 B3LYP was 
employed as functional11 and a def2-SVP basis set was used for all atoms during geometry 
optimizations.12 Single point calculations were performed using a def2-QZVPP basis set.13 
 
6.8.1 xyz-Coordinates of l-DPDI 
 
* xyz 0 1 
N       20.070157000     -5.569409000      0.058058000 
N       22.394089000     -6.661749000      0.432228000 
C       20.151168000     -5.969767000     -1.228483000 
C       19.078532000     -5.686105000     -2.126768000 
C       19.129297000     -6.060208000     -3.443590000 
H       18.280921000     -5.805911000     -4.078564000 
C       20.247634000     -6.752316000     -3.991974000 
C       21.330099000     -7.058863000     -3.112678000 
C       21.288755000     -6.672240000     -1.727681000 
C       22.401486000     -7.007847000     -0.828667000 
C       23.507270000     -7.751047000     -1.422504000 
Starting geometry Optimizes into network 3 
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C       23.536632000     -8.097401000     -2.731523000 
H       24.398870000     -8.656880000     -3.093211000 
C       20.295551000     -7.139354000     -5.381924000 
N       22.751440000     -9.243106000     -9.086623000 
N       20.381442000     -8.262139000     -9.451586000 
C       22.672549000     -8.890736000     -7.829871000 
C       23.747917000     -9.155026000     -6.881094000 
C       23.673969000     -8.803088000     -5.575168000 
H       24.520321000     -9.043629000     -4.932502000 
C       22.524497000     -8.124403000     -5.015737000 
C       21.433829000     -7.821803000     -5.908976000 
C       21.488726000     -8.204068000     -7.294289000 
C       20.384659000     -7.910023000     -8.149084000 
C       19.260411000     -7.225404000     -7.596385000 
C       19.224298000     -6.856865000     -6.277611000 
H       18.340986000     -6.328697000     -5.919761000 
C       22.467451000     -7.765598000     -3.648386000 
H       18.418890000     -6.988114000     -8.253754000 
H       18.204857000     -5.152240000     -1.741238000 
H       24.333607000     -8.031663000     -0.762060000 
H       24.637053000     -9.665046000     -7.265557000 
H       20.870666000     -5.824043000      0.662989000 
H       19.231351000     -5.114149000      0.390908000 
H       23.240937000     -6.988598000      0.903998000 
H       23.644491000     -9.702296000     -9.282138000 
H       19.587678000     -8.031446000    -10.032971000 
H       21.234818000     -8.737994000     -9.794301000 
* 
 
6.8.2 xyz-Coordinates of x-DPDI 
 
* xyz 0 1 
N       20.054073000     -5.580261000      0.035775000 
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N       22.391019000     -6.603125000      0.433051000 
C       20.145105000     -5.989348000     -1.244211000 
C       19.063571000     -5.733696000     -2.148795000 
C       19.122901000     -6.111411000     -3.459798000 
H       18.269480000     -5.879949000     -4.096148000 
C       20.259597000     -6.789755000     -4.006385000 
C       21.349011000     -7.076976000     -3.112876000 
C       21.296141000     -6.672935000     -1.731058000 
C       22.412083000     -6.971058000     -0.824232000 
C       23.531565000     -7.696593000     -1.407508000 
C       23.561454000     -8.066676000     -2.712785000 
H       24.434318000     -8.612905000     -3.070163000 
C       20.317307000     -7.176160000     -5.380776000 
N       22.745392000     -9.373720000     -9.044292000 
N       20.419196000     -8.327356000     -9.446989000 
C       22.653765000     -8.966973000     -7.763423000 
C       23.729937000     -9.234188000     -6.855906000 
C       23.671947000     -8.854471000     -5.545298000 
H       24.521425000     -9.094732000     -4.906921000 
C       22.540482000     -8.165358000     -5.001353000 
C       21.453236000     -7.873472000     -5.896038000 
C       21.506920000     -8.274942000     -7.278563000 
C       20.395774000     -7.965925000     -8.187915000 
C       19.278474000     -7.236371000     -7.605314000 
C       19.245801000     -6.872851000     -6.298337000 
H       18.375185000     -6.322541000     -5.941675000 
C       22.485751000     -7.772739000     -3.628444000 
H       18.446652000     -6.977568000     -8.267681000 
H       18.179177000     -5.216340000     -1.765055000 
H       24.367822000     -7.946452000     -0.747274000 
H       24.609940000     -9.760770000     -7.237198000 
H       20.867675000     -5.814990000      0.639606000 
H       19.207117000     -5.136825000      0.365024000 
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H       23.241832000     -6.902877000      0.914938000 
H       23.588713000     -9.826043000     -9.371022000 
H       19.571823000     -8.020120000     -9.929988000 
H       21.936258000     -9.129754000     -9.650290000 
* 
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The self-assembly of small organic molecules at metal surfaces is a valid method for 
generating pristine nanostructured films over large areas of substrate and could lead to the 
development of information storage devices if stable molecules with appropriate properties are 
utilized1,2. For this reason, the surface self-assembly of porphyrins, phthalocyanines and their 
derivatives have been intensively studied because of their chemical properties (multiple stable 
oxidation states, intense electronic absorption, excellent stabilities) and nanometric dimensions3,4. 
Different methods have been applied for their assembly including hydrogen bonding, transition 
metal atom coordination and covalent linkage often yielding extended monolayers with highly 
homogeneous structures5–7. On the other hand, while self-assembly involving fluorophilic 
interactions (F…F interactions and C-F…H-C hydrogen bonds) has been studied in crystalline and 
gel states8–10 there is less known about their utility as structure-directing forces in organic assemblies 
at surfaces, in particular, for tetraphenylporphyrins. F…F interactions and C-F…H-C hydrogen 
bonds are well-known in planar perfluorinated phthalocyanine monolayers and binary assemblies 
with planar hydrocarbons since coplanarity of the interacting moieties optimizes the possible 
intermolecular interactions11. However, in the more flexible tetraphenylporphyrins less is known 
about how the presence of units that can interact through fluorophilic forces and related hydrogen 
bonds or their combinations can affect surface self-assembly structures. 
In this work, we consider the cases of two functional groups known to interact either through 
hydrogen bonding, fluorophilic interactions or combinations. In order to study such possible 
interactions 4 new compounds were successfully synthesized 
 TRANS: 5,15-Bis(3,5-trifluoromethylphenyl)-10,20-bis(3,4,5-trimethoxyphenyl)porphyrin 
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 MONO: 5-(3,4,5-trimethoxyphenyl)-10,15,20-tris(3,5-trifluoromethylphenyl)porphyrin 
 MeOTPP: tetrakis(3,4,5-trimethoxyphenyl)porphyrin 
 CF3TPP: tetrakis(3,5-trifluoromethylphenyl)porphyrin 
The chemical structures of these compounds can be found in scheme 1. 
 
Scheme 1: Structures of the functionalized tetraphenylporphyrins. 
On surface in-situ behavior of these compounds was studied using Scanning Tunneling Microscopy 
(STM) and X-ray photoelectron spectroscopy (XPS).  
Both compounds (Trans and Mono) show a similar flower shape morphology upon deposition 
on Cu(111) which resembles their chemical porphyrin based structure. 
 
Figure1: STM micrographs of on surface behavior of Trans upon deposition on Cu(111). a & b) 
images recorded with opposite biases (500mV & -500mV) showing the distribution of compounds 
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on substrate. b & c) Zoomed-in images recorded with opposite biases (720mV & -720mV). STM 
information: a) 6x6nm, 30pA, 500mV. b) 6x6nm, 30pA, -500mV. c) 3x3nm, 200pA, 720mV. d) 
3x3nm, 200pA, -720mV. 
The methoxy side of the compounds is distinguishable considering its double lobe appearance 
comparing with the single lobe appearance of CF3 side. The compounds are mostly individually 
adsorbed on the substrate, however, looking at big overviews one can see that they intent to interact 
with each other despite strong interaction with the substrate. (Fig. 2) 
 
Figure 2: Overview STM image showing the overall distribution of compounds on Cu(111) 
substrate. As can be seen, there is strong interaction with the substrate and molecules are 
individually adsorbed. There is also an intermolecular interaction guiding the compounds to get 
closer to each other. STM information: 50x50n, 10pA, 1V 
Similar to Trans, Mono also shows a flower shape STM footprint. The asymmetric form of 
Mono is clearly seen in STM images, the only double lobe side is representing Methoxy side and 
the rest are Trifluoromethyl groups. Mono compounds also distribute individually on Cu(111) 
substrate with an intention to interact with each other despite strong molecules-substrate interaction. 
(Fig. 3- overview image can be found in SI- Fig. S1) 
 
Figure 3: STM micrographs of on surface behavior of Mono upon deposition on Cu(111). a & b) 
10nm
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images recorded with opposite biases (1V & -1V) showing the distribution of compounds on 
substrate. b & c) Zoomed-in images recorded with opposite biases (1V & -1V). STM information: 
a) 7x7nm, 10pA, 1V b) 7x7nm, 10pA, -1V c) 3x3nm, 10pA, 1V d) 3x3nm, 10pA, -1V 
As can be seen in figure 3, the molecules appear differently in images with different applied 
biases. The images recorded with positive and negative tip biases are representing occupied and 
unoccupied states respectively. 
XPS was used to understand the chemical on surface properties of the compounds (Fig. 4 & 
S9). Figure 4 shows the XP spectra of F1s, O1s and N1s for a monolayer of Trans deposited on 
Cu(111) and it compares it with the multilayer sample. F1s XP spectrum contains two peaks at 
688.8eV and 687.8eV (Fig. 4a) while the F1s spectrum for multilayer sample contains one peak at 
688.8eV (Fig. 4d). Comparing these two cases one can realize that the extra peak in monolayer XPS 
comes from either intermolecular or molecules-substrate interaction. 
 
Figure 4: XP spectrum of F1s, O1s and N1s of a monolayer of Trans deposited on Cu(111) and 
comparison with multilayer sample. a) F1s XP spectrum for monolayer sample. b) O1s XP spectrum 
for monolayer sample. c) N1s XP spectrum for monolayer sample. d) F1s XP spectrum for 
multilayer sample. e) O1s XP spectrum for multilayer sample. f) N1s XP spectrum for multilayer 
sample. 
The F1s spectrum contains two peaks at 688.8 and 687.8 eV with an area ratio of 
approximately 1:2 suggesting that 2 fluorine atoms of each trifluoromethyl group interact with the 
metal substrate. The XPS spectrum of the multilayer confirms this since substrate-interacting F 
atoms are more difficult to observe. Similarly, the O1s XP spectrum of the monolayer shows two 
peaks at 533.3eV and 531.7eV but a single peak in the multilayer sample for the same reason. N1s 
XP spectrum contains two peaks assignable to imine-type and pyrrole NH-type nitrogen atoms for 
monolayer and multilayer because proximity to the surface does not affect this ratio. Our current 
DFT models are based on this theory and nicely describe the formation of different self-assemblies. 
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For DFT please see section 4 of SI. 
Similar conclusion can be made from XP spectra of monolayer and multilayer samples of 
Mono on Cu(111). (Fig. S9). These compounds have been studied on other substrates too: Ag(111) 
and Au(111). Interestingly, upon deposition of them on the mentioned substrates, the compounds 
appear in the form of different self-assemblies. Figure 5 shows the self-assemblies of Trans and 
Mono upon deposition on Ag(111). For more images taken with negative biases please check section 
2 of SI (Fig. S2). The fact that these self-assemblies are highly ordered and are long ranged suggests 
the possibility of having H-bonds as bonding motif. 
 
Figure 5: Compact self-assemblies of Trans and Mono after deposition on Ag(111) substrate. a) 
Overview STM micrograph of Trans/Ag(111) and zoomed-in image. b) Overview STM micrograph 
of Mono/Ag(111) and zoomed-in image. STM information: a) 50x50nm, 20pA, 250mV. 10x10nm, 
20pA, 250mV. b) 50nm x 50nm, 20pA, 600mV. 10nm x 10nm, 20pA, 600mV. 
XPS data taken from the samples containing above mentioned self-assemblies again suggests 
the possibility of having a chemical on surface reaction prior to the H-bonding self-assembly. (For 
more details please check section 3 of SI, Fig. S10 & S11). DFT model description for the above 
mentioned self-assembly can be found in section 4 of SI. 
Similar to Ag(111), deposition of Trans and Mono on Au(111) leads to the formation of 
compact and long-range ordered self-assemblies (Fig. 6). Images recorded with different biases are 
presented in section 2 of SI Fig. S3.  
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Figure 6: Compact self-assemblies of Trans and Mono after deposition on Au(111) substrate. a) 
Overview STM micrograph of Trans/Au(111) and zoomed-in image. b) Overview STM micrograph 
of Mono/Au(111) and zoomed-in image. STM information: a) 40x40nm, 30pA, 500mV. 10x10nm, 
30pA, 500mV. b) 40nm x 40nm, 10pA, 1V. 10nm x 10nm, 30pA, 500mV. 
Since for both Trans and Mono, F1s and O1s XP spectra show one peak more comparing to 
the multilayer samples, we are expecting a chemical reaction to happen prior to the self-assembly 
of compounds via H-bonding. (For details please check section 3 of SI, Fig. S12 and S13). 
In order to better understand the physical and chemical properties of Trans and Mono 
compounds, the symmetric form of them was also synthesized and studied using STM and XPS. 
MeOTPP and CF3TPP are tetraphenylporphyrin compounds which are fully functionalized with 
methoxy and Trifluoromethyl groups respectively. MeOTPP, the methoxy functionalized compound 
have been successfully studied in-situ and its behavior is investigated on different substrates. The 
four lobe morphology of MeOTPP is clearly seen after its deposition on Cu(111). Upon deposition 
the compounds are mostly seen individually adsorbed on the substrates (Fig. 7, for overview STM 
image please refer to section 2 of SI, Fig. S4). There are tiny spots appearing upon deposition which 




Figure7: STM micrographs of on surface behavior of MeO upon deposition on Cu(111). a & b) 
images recorded with opposite biases (1.5V & -1.5V) showing the distribution of compounds on 
substrate. b & c) Zoomed-in images recorded with opposite biases (700mV & -700mV). STM 
information: a & b) 10x10nm, 10pA. c & d) 2.3x2.3nm, 30pA. 
On surface behavior of MeOTPP was also studied on Ag(111). Interestingly, after deposition 
long ranged ordered self-assemblies appeared on the substrate (Fig. 8, for overview images please 
check section 2 of SI, Fig. S5). These Kagome lattice nanostructures are composed of intact 
molecules bonded to each other via hydrogen bonding. This can be understood considering XPS 
studies which show that there is no special difference in XP spectra of monolayer and multilayer 
samples. (for XPS please see section 3 of SI, Fig. S15) 
 
Figure 8: STM micrographs of MeO networks on Ag(111). a & b) images recorded with opposite 
biases (1V & -1V) showing the chiral star shaped networks. b & c) Zoomed-in images recorded with 
opposite biases (200mV & -200mV). STM information: a & b) 20x20nm, 10pA. c & d) 13nm x 
13nm, 30pA. 
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Our proposed model for these nicely ordered Kagome lattice structures, shows the possible 
hydrogen bonds considering the orientation of the molecules and intermolecular distances. 
 
Figure 9: Proposed model for Kagome lattice structure of MeOTPP on Ag(111). Location of 
hydrogen bonds: Green: probable, Light blue: less likely, Red: possible. 
Deposition of MeOTPP on Au(111) single crystal, leads to the formation of chains which are 
mostly aligned in the direction of herringbone structures of Au (Fig. 9, for overview image please 
check section 2 of SI, Fig. S6). These structure are also most probably hydrogen bonded. XPS 
studies for a monolayer of MeOTPP deposited on Au(111) shows a possible on surface chemical 
reaction involving oxygens (for XPS please check section 3 of SI, Fig. S16). The O1s XP spectrum 
contains three peaks at 530.4 eV, 531.55eVand 532.93eV, it may also be due to different binding 
energies of oxygens in methoxy groups. 
 
Figure 9: STM micrographs of MeO chains on Au(111). a) STM image showing the formation of 
MeO chains in between the herringbone structure of Au(111). b) Zoomed-in STM image. STM 
information: a) 10pA, 1V, 20nm x 20nm. b) 10pA, 1V, 7nm x 6nm 
The next symmetric compound which we studied to compare with Trans/Mono compounds is 
a tetraphenylporphyrin based compound functionalized with Trifluoromethyl at each corner. 
Interestingly the deposition of CF3TPP was only successful in the case of the inert, non-reactive 
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substrate, Au(111). The compounds were mostly decomposed and destroyed upon deposition on 
Cu(111) and Ag(111). (for more information please check section 2 of SI, Fig. S7 & S8). Deposition 
of CF3TPP on Au(111) leads to the formation of two coexisting phases which are very unstable 
even at 4K. The unstability of the compounds is clearly seen in STM by moving objects and lines. 
(Fig. 10) 
 
Figure10: STM micrographs of CF3 assemblies on Au(111). Two coexisting phases of porous 
network and compact assemblies all observed in long range a) STM image showing the formation 
of two coexisting phases upon deposition. b) Zoomed-in STM image taken on porous networks. c) 
Zoomed-in STM image taken on compact assemblies. STM information: a) 50nm x 50nm, 10pA, 
1V. b) 50pA, 300mV, 10nm x 10nm. c) 10pA, 1V, 10nm, 10nm 
Our proposed model for these self-assemblies describe different conformers of the compounds 
and intermolecular hydrogen bonding motif which drives the formation of the self-assembly. 
 
Figure11: Proposed model describing the formation of hydrogen bonded self-assemblies of CF3TPP 
on Au(111) involving two different conformers of the compounds. 
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In summary, the effect of functionalization of tetraphenylporphyrins with Trifluoromethyl and 
methoxy groups in their on-surface self-assemblies is studied. The resulted self-assemblies have 
different characteristics and features on different substrates (Cu/Ag/Au). Moreover, to have a 
general comparison, the on-surface behavior of tetraphenylporphyrins which are fully functionalized 
with the mentioned chemical groups is presented. This study is an unprecedented example for on-
surface self-assemblies involving F…F interactions and C-F…H-C hydrogen bonds. As discussed 
above, while MeOTPP and CF3TPP both form unique structures, such as Kagome and porous 
structures due to intermolecular interactions including methoxy-methoxy interactions (probably 
hydrogen bonding) and fluorophilic interactions, Trans and Mono form extended monolayers due 
to the combination of these effects. This work illustrates how even relatively weak intermolecular 
interactions can be engineered to yield highly desirable uniform monolayer structures. 
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1. Methods section 
All sample preparations and investigation were performed under ultrahigh vacuum (UHV) 
conditions with a base pressure of ∼10-10 mbar. The crystals (MaTecK GmbH) were cleaned by cycles 
of sputtering with Ar+ ions at 1 keV and subsequent annealing at ~450°C. Deposition of molecules 
on the substrates was done by thermal evaporation from a commercial evaporator (Kentax GbmH) 
at ~240°C. Metal adatoms were supplied by e-beam evaporator (Oxford Applied Research). The 
sublimed amount of the compound was controlled by a quartz crystal microbalance. All STM images 
were recorded at 5 K in constant current mode (Omicron Nanotechnology GmbH) and processed 
with WSxM software. The STM tip was made of 90% Pt and 10% Ir wire, mechanically cut and 
sputtered in situ with Ar+ ions. The XPS measurements were performed at the Laboratory for Micro- 
and Nano-technology at the Paul Scherrer Institute (PSI). The spectra were recorded in normal 
emission using a monochromatic Al kα X-ray source which results in a full width at half maximum 
(FWHM) of 1 eV. Spectra analysis was done with Unifit software.  
2. Synthesis 
Tetrakis(3,4,5-trimethoxyphenyl)porphyrin1 and tetrakis(3,5-bis(trifluoro- 
methyl)phenyl)porphyrin2 were prepared and purified according to literature procedures. 5,15-
Bis(3,5-trifluoromethylphenyl)-10,20-bis(3,4,5-trimethoxyphenyl)porphyrin was prepared from 5-
(3,4,5-trimethoxyphenyl)dipyrrylmethane3 by condensation with 3,5-trifluoromethylbenzaldehyde 
under Lindsey conditions4 and purified by column chromatography. 5-(3,4,5-Trimethoxyphenyl)-
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10,15,20-tris(3,5-trifluoromethylphenyl) porphyrin was isolated as a byproduct caused by 
scrambling.4  
5,15-Bis(3,5-trifluoromethylphenyl)-10,20-bis(3,4,5-trimethoxyphenyl)porphyrin. 5-
(3,4,5-Trimethoxyphenyl)dipyrrylmethane (2.04 g, 6.5 mmol) and 3,5-
bistrifluoromethylbenzaldehyde (1.58 g, 6.5 mmol) were dissolved in dichloromethane (1600 mL) 
with stirring under an atmosphere of dry nitrogen with shielding from ambient light. Trifluoroacetic 
acid (200 μL) was then added whereupon the mixture turned black. Stirring was continued in the 
dark for 2 h then 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (4g) was added and stirring continued 
for a further 2 h. Dichloromethane was then evaporated under reduced pressure and the residue 
suspended in a small volume of dichloromethane (50 mL) followed by filtration through a pad of 
silica.  Dichloromethane was again evaporated under reduced pressure and the residue purified using 
column chromatography (SiO2/CH2Cl2:hexane, gradient elution: 1:2 → 1:1). The main product was 
obtained as a purple solid. Yield: 0.64 g (18 %). 1H NMR (300 MHz, CDCl3, 298 K) δ = 9.05 (d, 
4H, J = 4.8 Hz, porph-β), 8.71 (d, 4H, J = 4.8 Hz, porph-β), 8.69 (s, 4H, trifluoromethylphenyl 
ortho-H), 8.36 (s, 2H, trifluoromethylphenyl para-H), 7.47 (s, 4H, 3,4,5-trimethoxyphenyl ortho-
H), 4.18 (s, 6H, 4-methoxy-H), 3.99 (s, 12H, 3,5-methoxy-H) ppm; 13C NMR (300 MHz, CDCl3, 
298 K) δ = 151.59, 144.17, 138.33, 136.92, 133.69, 132.39, 130.84, 130.48 (q, J = 33.3 Hz), 128.97, 
128.82, 125.36, 121.98, 121.75, 121.22, 118.13, 116.52, 113.09, 68.19, 61.31, 60.36, 56.46 ppm; 
MALDI-TOF-MS (dithranol): calc’d for C54H39F12N4O6 ([M + H]+) 1067.27 a.m.u., found 1067.45. 
5-(3,4,5-trimethoxyphenyl)-10,15,20-tris(3,5-trifluoromethylphenyl)porphyrin was 
isolated as a byproduct caused by scrambling.4 Yield: 0.126 g (1.7 %). 1H NMR (300 MHz, CDCl3, 
298 K) δ = 9.07 (d, 2H, J = 5.1 Hz, porph-β), 8.78 (s, 4H, porph-β), 8.73 (d, 2H, J = 5.1 Hz, porph-
β), 8.69 (s, 6H, trifluoromethylphenyl ortho-H), 8.37 (s, 3H, trifluoromethylphenyl para-H), 7.47 
(s, 2H, 3,4,5-trimethoxyphenyl ortho-H), 4.19 (s, 3H,  4-methoxy-H), 3.99 (s, 6H, 3,5-methoxy-H) 
ppm; 13C NMR (300 MHz, CDCl3, 298 K) δ = 151.66, 143.90, 143.85, 138.48, 136.69, 133.70, 
132.79, 130.65 (q, J = 33.0 Hz), 130.63 (q, J = 33.0 Hz), 125.33, 122.23, 122.15, 121.72, 117.11, 
116.78, 113.18, 61.34, 56.50 ppm; MALDI-TOF-MS (dithranol): calc’d for C53H31F18N4O3 ([M + 
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3. Additional STM images 
 
Figure S1: STM micrograph showing the distribution of Mono compounds after deposition on 
Cu(111). As can be seen, despite individual adsorption the molecules intend to interact with each 
other. 
 
Figure S2: STM micrographs taken with opposite biases on Trans and Mono compounds after 
deposition on Ag(111). The images recorded with positive and negative tip biases represent 
occupied and unoccupied states respectively. a & b) Trans on Ag(111), bias voltages 250 mV and -
250mV respectively. c & d) Mono on Ag(111), bias voltages 500mV and -500mV respectively. 





Figure S3: STM micrographs taken with opposite biases on Trans and Mono compounds after 
deposition on Au(111). The images recorded with positive and negative tip biases represent 
occupied and unoccupied states respectively. a & b) Trans on Au(111), bias voltages 500 mV and -
500mV respectively. c & d) Mono on Au(111), bias voltages 500mV and -500mV respectively. 
STM information: a, b, c, d) 10x10nm, 30pA.  
 
Figure S4: STM micrograph showing the distribution of MeO compounds after deposition on 
Cu(111). The tiny spots beside the molecules are most probably decomposition compounds that 
appear after deposition on the substrate. 
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Figure S5: STM micrographs taken with opposite biases on MeO compounds after deposition on 
Ag(111). a) MeO/Ag(111), bias voltage 1.5V. b) MeO/Ag(111), bias voltage -1.5V. The images 
recorded with positive and negative tip biases represent occupied and unoccupied states 
respectively. STM information: a & b) 50nm x 50nm, 10pA  
 
Figure S6: Overview STM image showing the formation of MeO chains on Au(111) after 






Figure S7: STM images showing the decomposition of CF3 compounds upon deposition on 
Cu(111). a) Overview STM image. b) Zoomed-in image. STM information: a) 50nm x 50nm, 10pA, 
800mV. b) 10pA, 800mV, 20nm x 20nm. 
 
Figure S8: STM images showing the decomposition of CF3 compounds upon deposition on 
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4. XPS studies 
4.1- Mono/Cu(111) 
 
Figure S9: XP spectrum of F1s, O1s and N1s of a monolayer of Mono deposited on Cu(111) and 
comparison with multilayer sample. a) F1s XP spectrum for monolayer sample, the spectrum 
contains two peaks at 688.5eV and 687.5eV. b) O1s XP spectrum for monolayer sample, the 
spectrum contains two peaks at 533.3eV and 532.7eV. c) N1s XP spectrum for monolayer sample, 
the spectrum contains two peaks at 400.2eV and 398.5eV. d) F1s XP spectrum for multilayer 
sample, the spectrum contains one peak at 688.5eV. e) O1s XP spectrum for multilayer sample, the 
spectrum contains two peaks at 533.3eV. f) N1s XP spectrum for multilayer sample, the spectrum 
contains two peaks at 400.2eV and 398.2eV 
As can be seen above, addition of one peak in monolayer sample comparing to multilayer 


















Figure S10: XP spectrum of F1s, O1s and N1s of a monolayer of Trans deposited on Ag(111) and 
comparison with multilayer sample. a) F1s XP spectrum for monolayer sample, the spectrum 
contains two peaks at 689.2eV and 688.2eV. b) O1s XP spectrum for monolayer sample, the 
spectrum contains one peak at 533.3eV. c) N1s XP spectrum for monolayer sample, unfortunately 
our XPS resolution has not been enough to detect N1s peaks. d) F1s XP spectrum for multilayer 
sample, the spectrum contains one peak at 688.7eV. e) O1s XP spectrum for multilayer sample, the 
spectrum contains two peaks at 533.3eV. f) N1s XP spectrum for multilayer sample, the spectrum 
contains two peaks at 400.2eV and 398.2eV 
4.3- Mono/Ag(111) 
 
Figure S11: XP spectrum of F1s, O1s and N1s of a monolayer of Trans deposited on Ag(111) and 
comparison with multilayer case. a) F1s XP spectrum for monolayer sample, the spectrum contains 
2 peaks at 688.5eV and 687.5eV. b) O1s XP spectrum for monolayer sample, the O1s XP spectrum 
could not be detected, or it might be that Oxygen groups are eliminated upon deposition. c) N1s XP 
spectrum for monolayer sample, unfortunately our XPS resolution has not been enough to detect 
N1s peaks. d) F1s XP spectrum for multilayer sample, the spectrum contains one peak at 688.5eV. 
e) O1s XP spectrum for multilayer sample, the spectrum contains two peaks at 533.3eV. f) N1s XP 
spectrum for multilayer sample, the spectrum contains two peaks at 400.2eV and 398.2eV. 
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4.4- Trans/Au(111) 
 
Figure S12: XP spectrum of F1s, O1s and N1s of a monolayer of Trans deposited on Au(111) and 
comparison with multilayer sample. a) F1s XP spectrum for monolayer sample, the spectrum 
contains two peaks at 688.8eV and 687.8eV. b) O1s XP spectrum for monolayer sample, the 
spectrum contains two peaks at 533.3eV and 531.7eV. c) N1s XP spectrum for monolayer sample, 
the spectrum contains two peaks at 400.3eV and 399.3eV. d) F1s XP spectrum for multilayer 
sample, the spectrum contains one peak at 688.7eV. e) O1s XP spectrum for multilayer sample, the 
spectrum contains two peaks at 533.3eV. f) N1s XP spectrum for multilayer sample, the spectrum 
contains two peaks at 400.2eV and 398.2eV. 
4.5- Mono/Au(111) 
 
Figure S13: XP spectrum of F1s, O1s and N1s of a monolayer of Mono deposited on Au(111) and 
comparison with multilayer sample. a) F1s XP spectrum for monolayer sample, the spectrum 
contains two peaks at 688.1eV and 687.1eV. b) O1s XP spectrum for monolayer sample, the 
spectrum contains two peaks at 532.7eV and 531.2eV. c) N1s XP spectrum for monolayer sample, 
unfortunately our XPS resolution has not been enough to detect N1s peaks. d) F1s XP spectrum for 
multilayer sample, the spectrum contains one peak at 688.5eV. e) O1s XP spectrum for multilayer 
sample, the spectrum contains two peaks at 533.3eV. f) N1s XP spectrum for multilayer sample, the 
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spectrum contains two peaks at 400.2eV and 398.2eV. 
4.6- MeO/Cu(111) 
 
Figure S14: XP spectra of O1s and N1s of a monolayer of MeO deposited on Cu(111) and 
comparison with multilayer sample. a) O1s XP spectrum for monolayer sample, the spectrum 
contains one peaks at 533.3eV. b) N1s XP spectrum for monolayer sample, the spectrum contains 
two peaks at 400.1eV and 398.6eV. c) O1s XP spectrum for multilayer sample, the spectrum 
contains one peak at 533.3eV. d) N1s XP spectrum for multilayer sample, the spectrum contains 
two peaks at 400.2eV and 398.2eV. 
4.7- MeO/Ag(111) 
 
Figure S15: O1s XP spectrum of a monolayer of MeO deposited on Ag(111) and comparison with 
multilayer sample. a) Monolayer, peak position: 533.5eV. b) Multilayer, peak position: 533.7eV. 
As can be seen, there is no big difference between the peak positions which indicates that the 
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chemical environment of oxygens are not changed. This is an evidence that star shape nanostructures 
are hydrogen bonded. 
4.8- MeO/Au(111) 
 
Figure S16: O1s and N1s XP spectra of a monolayer of MeO deposited on Au(111) and comparison 
with multilayer sample. a) Monolayer O1s spectrum, peak positions: 530.4 eV, 531.55eV, 
532.93eV. b) Monolayer N1s spectrum, peak positions: 399.9eV and 397.6eV.  c) Multilayer O1s 
spectrum, peak position: 533.7eV. The XP spectrum for monolayer sample suggests different 
oxygen groups. This might be due to a chemical interaction or the fact that each of the oxygens in 
methoxy group are having different binding energy. d) Multilayer N1s XP spectrum contains two 
peaks at 400.2eV and 398.2eV. 
5. DFT studies 
The preliminary DFT results for the mentioned self-assemblies is presented here. Please note 
that these models are not fully correct since small corrections noticing the possible on-surface 
chemical reactions must be considered. 




Figure S17: DFT model showing the distribution of Trans compounds on Cu(111). 
 
5.2  TRANS/Ag(111) 
  
Figure S18: DFT model describing the formation of self-assembly of TRANS/Ag(111). 
5.3 TRANS/Au(111) 
 
Figure S19: DFT model describing the formation of self-assembly of TRANS/Au(111). 
5.4 MONO/Cu(111) 
 










Figure S21: DFT model describing the formation of self-assembly of Mono/Ag(111). 
5.6 MONO/Au(111) 
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Summary and outlook 
 
 
This thesis addresses the following questions: i) How can direct comparison between in-
solution and on-surface studies help us understand the properties of the material and facilitate the 
discovery of new applications? ii) How can on-surface molecular architectures be controlled with 
atomic precision by utilizing different chemical compounds and substrates? iii) How does the 
surface affect the supramolecular chemistry and the formation of novel, molecular architectures? iv) 
How can functionalization be used to expand the variety of on-surface reactions and consequently 
manufacture different on-surface self-assemblies? 
To tackle these questions, in chapter [[1]], the step-by-step oxidation and subsequent 
modification of pyrazinacene self-assemblies was studied. Dihydrooctaazatetracene (2) and 
dihydrodecaazapentacene (1) which are core, chromophoric structures, lacking N-substituents, were 
studied both in-solution and on-surface of Cu(111) single crystal. They show a chiral behavior upon 
their in-situ deposition. (1) and (2) can be oxidized to octaazatetracene (2-ox) and decaazapentacene 
(1-ox) after annealing to 150°C and form linear arrays. These linear arrays break upon further 
annealing to 300°C and a new morphology in which the compounds are planar, flat and 
cyclodehydrogenated appear. These oxidation compounds are potentially n-type molecules whose 
structures ought to be compatible with the much studied p-type pentacene material, therefore they 
can be used to facilitate preparation of organic thin film transistors. 
In chapter [[2]], we have shown how a non-planar, hydrogen-bonding motif occurs in planar, 
polyaromatic DPDI self-assemblies on the weakly interacting Bi/Cu(100) substrate. Two coexisting 
self-assembled structures of hexagonal networks and compact zigzags appear upon thermal-
deposition of DPDI on the mentioned bi-layer substrate. Remarkably, Hydrogen bonding is only 
possible by out-of-plane rotation of the molecules. Considering the fact that direct deposition of 
DPDI on Cu(100) substrate does not lead to any sort of assembly, this study shows the importance 
of the substrate in guiding the formation of self-assembled, nano-structures.  
In chapter [[3]], the effect of Trifluoromethyl and Methoxy groups on the self-assembly 
structures of symmetrically and unsymmetrically-substituted tetraphenylporphyrins is studied. We 
aimed to control the resulting self-assembled structures according to the substrate identity 
(Cu/Ag/Au) and intermolecular interactions. In addition, comparison of the on-surface behavior of 
these compounds with functionalized tetraphenylporphyrins, tetrakis(3,4,5-
trimethoxyphenyl)porphyrin and tetrakis(3,5-trifluoromethylphenyl)porphyrin is presented. This 
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